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PREFACE 


The purpose of ^^Fundlimentals of Radio is to present the basic 
principles of radio communication in a form suitable for use in an intro¬ 
ductory radio course. This book is essentially an abridged version of 
the author^s Radio Engineering.'^ It presents the subject with the 
same organization, the same viewpoint, and the same style, but the 
treatment is simplified. The length of the text has been nearly halved, 
and the problems have been increased in number and made primarily 
of a classroom type. 

The simplification consists largely in confining the treatment more 
closely to fundamental principles. This policy has been followed in the 
belief that the most satisfactory method of presenting a subject in an 
elementary course is to concentrate on the fundamental concepts, and to 
avoid diverting attention from these by too much consideration of all 
the possible consequences, applications, and implications of these prin¬ 
ciples. By following this procedure the number of new ideas that the 
student must understand and organize in his own mind is kept at a 
minimum, and yet a solid foundation is laid for future study. In contrast 
with this, Radio Engineering" strives for a complete comprehensive 
treatment of all phases of the subject, with extensive references to the 
significant literature. In comparing the two books, ** Radio Engineer¬ 
ing" can be thought of^as being primarily a textbook for the more 
advanced student and as a reference book for the practicing engineer, 
while ‘^Fundamentals of Radio" is primarily a textbook of more ele¬ 
mentary character. 

The chief prerequisite for study of the material in ‘‘Fundamentals 
of Radio" is an elementary understanding of alternating-current circuits, 
and in particular the conceptions associated with the terms leading, 
lagging, impedance, reactance, etc. A knowledge of complex quantities 
is not necessary. 

The present book is provided with a comprehensive set of problems. 
There is, in fact, more than one problem per page of type, and care has 
been taken to distribute these problems uniformly over the text. An 
instructor using the book for class work will therefore find a number of 
problems directly applying to every text assignment made. These 
problems differ in many cases from those in “Radio Engineering" 
in that they are intended for use in connection with class assignments, 
and so are nearly all of the type that can be done overnight. In contrast 
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with this, a considerable number of the problems in Radio Engineering^' 
represent projects that take several days of work to complete, and so 
are of the type that fit in well with home study or supervised individual 
work. 

It is a pleasure to acknowledge the collaboration of Lieutenant F. W. 
MacDonald in the preparation of this work. Lieutenant MacDonald 
gave to this undertaking the benefit of his extensive experience in handling 
the introductory radio course given at the United States Naval Academy. 
In particular, he contributed a preliminary draft for the first ten chapters 
of the book, which has been closely followed in the final product. This 
draft was of great assistance in fixing a suitable level of difficulty for the 
presentation and in defining the scope of the treatment. 

Valuable cooperation was rendered by Lt. Colonel C. L. Fenton of 
the United States Military Academy. In partici^lar, Colonel Fenton 
was especially helpful in outlining the problems which he had encoun¬ 
tered in conducting elementary radio courses, and in making available 
for the author's guidance the problems he has required of his students. 

The author also wishes to acknowledge the assistance rendered by 
John R. Woodyard and Robert L. Sink, graduate students in electrical 
engineering at Stanford University. Mr. Woodyard proofread the 
preliminary and final drafts of the manuscript, as well as the page proof. 
He also made innumerable suggestions of value, and served as a most 
constructive critic. Mr. Sink rendered competent assistance in the 
preparation of the new figures, tables, etc., and made all the new cal¬ 
culations required in connection with the book. 

Thanks are also due Gilfillan Bros., Inc., Zenith Radio Corp., RCA 
Mfg. Co., Heintz & Kaufman, Ltd., Collins Radio Co., J. W. Miller Co., 
E. F. Johnson Co., Cornell-Dubilier Corp., Aerovox Corp., Sprague 
Products Co., and Radio Condenser Co., for photographs and circuit 
diagrams made use of in the book. 

Frederick Emmons Terman. 

Stanford University, 

December ^ 1937. 
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CHAPTER I 


THE FUNDAMENTAL COMPONENTS OF A RADIO SYSTEM 

1. Radio Waves.—Rad io communication is carried on by means of 
energj^^t^t travels from the tran smitter to the reeejver in the form of 
radio wa^s. I'hese waves rnove with the velocity of light and represent 
electrical energy th aOias^es^pe^Tlnto free^s^c^ The "wa v<^ con sist 
orma^net ic'ahH'elec trQstatic ^elds at rig ht angfes to e ach othe r jud also 
at rig^ angles to the dir^tion of travel^ and if they were visible would 
appear as shown in Fig. 1. ^ 

The chief characteristics of a radio wave are the frequency (or wave 
length) and the intensity. The frequency re presents the number of 
complete cycles of oscillations tBa Ttl^tra Tis irutter sends out per second, 
ahd~sb Ts^the frequency of the alternating current producing the wave. 
The wave length i s thej^stance in space occupied by one compl ete cycle 
oT oscillat ion, as shown in Fig. f. The wave l ength X in metoj^ncTtE e 
frequen(;v / in cycles are related by tTie ^nation 


_ 300,000,000 

" 7 


( 1 ) 


where the quantit y^, 300,000 ^0 :is-the velocity of light in mete rs pe r 
second. The frequency is ordi narily expressed ig kilocycles , abbrevi- 
"'SJeHTcc, or ill megacycleSj^ abbreviated me. A low-frequency wave is 
seen from EJqT (1) to harc a long wave length, wmle a high irequency 
corresponds to a sho rt wave le ngth. ' 

^^/Radio waves differ from other electromagnetic waves, such as light, 
only in wave length (or frequency). The relationship between various 
types of electrical radiations is indicated by Table I. 


Table I.— Wave-length Spectrum of Electrical Phenomena 


Type 

Radio waves. 

Infra-red or heat waves. 

Light waves. 

Ultra-violet waves. 

X-rays. . 

Gamma rays. 

Cosmic rays. 




Typical Wave Lengths 

2 X 10* to 0.1 meter 
1 X 10“‘ meter 

6 X 10“^ meter 

3 X 10”* meter 
1 X 10~'® meter 
1 X 10“** meter 
1 X 10“^* meter 


1 
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The strength or intensity of a radio wave is measured in terms of the 
voltage stress produced by the electrostatic field of the wave, and is 
usually expressed in microvolts stress per meter. The strength in 
microvolts per meter is also exactly the same voltage that the magnetic 
flux of the wave induces in a conductor 1 meter long when sweeping 
across the conductor with the velocity of light. 

The minimum field strength required to give satisfactory reception 
of a radio wave varies with the amount of interference that is present. 
Under very favorable conditions waves having a strength of less than 
1 /iV per meter will produce intelligible signals. Much greater field 
strengths are generally necessary, however, because of interfering waves 
generated by man-made and natural sources. Thus in rural areas 
experience has shown that it normally requires a field strength of the 



Direction 
of travel 


Fig. 1. —Front and side views of a vertically polarized wave. The solid lines represent 
electrostatic flux, and the dotted lines and circles indicate magnetic flux. This may be 
considered as an instantaneous ^ew or ‘"snapshot.” 


order of 100 /*v per meter to give what the listener considers satisfactory 
service from a broadcast station, whereas in urban locations the man¬ 
made interference is so great that field strengths of 500 to 30,000 /zv per 
meter are ordinarily needed to insure good reception at all times. 

Propdgaiion Characteristics of Radio Waves .—The strength of the 
radio wave reaching the receiver from a distant transmitter is affected 
by a number of factors. Most important of these are the spreading of 
the wave owing to distance, the absorption of energy by the earth, and 
the attenuation and refraction of the wave by the action of the ionized 
regions (or ionosphere) of the upper atmosphere. The effect of the earth 
and the ionized regions depends very greatly upon the frequency. Thus 
low-frequency radio waves such as 12 to 100 kc suffer very little attenua¬ 
tion other than that due to spreading, and the received signal strength 
does not differ greatly from day to night and season to season. In 
contrast with this, waves of broadcast frequencies (560 to 1500 kc) have 
such high attenuation in the daytime that only.local stations can be 
heard, while at night the attenuation is frequently so low that very 
distant stations produce satisfactory signals. High-frequency waves, 
such as those in the range 6 to 30 me, behave in a still different manner. 
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Here the ground very quickly absorbs the portion of the wave traveling 
along the earth^s surface. Waves of such frequencies may, however, 
reach a distant point as a result of refraction {i.e., bending) of energy 
earthward by the ionized region in the upper atmosphere. Finally, at 
very high frequencies the ground absorbs the portion of the wave travel¬ 
ing along the earth's surface, while the ionized regions are not capable 
of bending the wave path appreciably. Communication at these 
frequencies is hence possible only over distances so short that the earth's 
curvature permits a substantially straight-line path between transmitting 
and receiving points. 


Table II.— Classification of Radio Waves 


Class 

Fre¬ 

quency 

range, 

kilo¬ 

cycles 

Wave¬ 

length 

range, 

meters 

Outstanding 

characteristics 

Principal uses 

Low frequency.... 

Below 

100 

Over 

3,000 

Low attenuation at 
all times of day and 
of year 

Long-distance trans¬ 
oceanic service re¬ 
quiring continuous 
operation 

Medium frequency 

100 to 
1,500 

3,000 
to 200 

Attenuation low at 
night and high in 
the daytime; greater 
in summer than win¬ 
ter 

Range 100 to 500 kc 
used for marine com¬ 
munication, airplane 
radio, direction find¬ 
ing, etc. Range 550 
to 1500 kc employed 
for broadcasting 

Medium high fre- 

1,500 to 

200 to 

Attenuation low at 

Moderate-d i s t a n c e 

quency. 

6,000 

50 

night and moderate 
in the daytime 

communication of all 
types 

High frequency.. . 

6,000 to 
30,000 

50 to 10 

Transmission depends 
solely upon the ioni¬ 
zation in the upper 
atmosphere, and so 
varies greatly with 
the time of day and 
season. Attenuation 
extremely small 
under favorable con¬ 
ditions 

Long-distance com¬ 
munication of all 
kinds; airplane radio 

Very high fre¬ 

Above 

Below 

Waves travel in 

Short-distance com¬ 

quency. 

30,000 

10 

straight lines and are 
not reflected by ion¬ 
ized layers, so can 
only travel between 
points in sight of 
each other 

munication, tele- 

vision, two-way 
police radio, portable 
equipment, airplane 
landing beacons 
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As a result of the different propagation characteristics possessed by 
radio waves of different frequencies, each particular range of frequencies 
is best adapted for a particular type of communication service. The 
outstanding properties of the different classes of radio waves, as well as 
the uses for which each class has been found best suited, are tabulated in 
Table II. 

The frequencies used in commercial radio communication range from 
about 15 kc as the lower limit to approxijtnately 100,000 kc as an upper 
limit. Frequencies lower than about 15 kc are not used\ because of the 
difficulty of radiating energy at such low frequencies. Frequencies 
greater than 100,000 kc are difficult to generate, and so are not as yet 
used for commercial purposes, although extensive experimental work is 
being carried on at frequencies up to about 3,000,000 kc. 

2. Radio Transmitters.—The essential components of a radio trans¬ 
mitter are a source of radio-frequency energy of the appropriate fre¬ 
quency, provision for controlling this energy in accordance with the 
information to be transmitted, and means for utilizing the energy to 
produce radio waves. 

Any source of high-frequency energy can be used in a radio trans¬ 
mitter. During the history of radio various devices have been employed, 
such as the high-frequency alternator, the Poulsen arc, the oscillatory 
spark discharge, etc. However, all modern radio transmitters make use 
of vacuum tubes to produce the required power. This is because 
vacuum-tube oscillators and amplifiers are efficient, reliable, and very 
flexible. Over the range of frequencies used in commercial communica¬ 
tion the power that can be obtained from vacuum tubes is of the order 
of tens to hundreds of kilowatts, with lesser powers obtainable at still 
higher frequencies. 

Modvlation .—The transmission of information by radio waves requires 
that means be provided by which the desired information can control the 
radio waves. In radio telegraphy this control is obtained by turning 
the transmitter on and c7 in accordance with the dots and dashes of 
the telegraph code, as illustrated in Fig. 2. In radio telephony the 
transmission is normally accomplished by varying the amplitude of the 
radio-frequency wave in accordance with the pressure of the sound wave 
being transmitted. Thus the sound wave shown at d in Fig. 2 would be 
transmitted from a radio-telephone station by causing the amplitude of 
the radiated wave to vary as shown at e. In picture transmission (includ¬ 
ing television) the amplitude of the wave radiated at any time is made 
proportional to the light intensity of the part of the picture that is being 
transmitted at that instant. 

When the amplitude of the alternating-current wave is varied from 
time to time, the wave is said to be modulated. Thus the wave radiated 
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from a radio-telephone station is modulated by sound waves, while 
during the transmission of a picture the modulation is in accordance with 
the light intensities of different portions of the picture, and in the case 
of radio telegraphy the modulation is by the telegraph code. Except 
in the case of telegraphy the modulation of the radio-frequency wave is 
usually accomplished by means of vacuum tubes that control the ampli¬ 
tude of the high-frequency energy in accordance with the information 
that is to be transmitted. 


<0l) Telegraph Code Signal (d) Sound Vibroi+ion 



<b) Radio Wave After Modulation (e) Radio Wave After Modulation 
by Telegraph Code Signal by Sound Vibration 



Modulated Waves After Rectification 
Showing Average Values 



Fig. 2.—Diagram showing how a signal may be transmitted by modulating the ampli¬ 
tude of a radio wave and how the original signal may be recovered from the modulated 
wave by rectification. 

3. Radiation of Electrical Energy.—Every electrical circuit carr 3 ning 
alternating current radiates a certain amount of electrical energy in the 
form of electromagnetic waves. The amount of energy thus radiated 
is extremely small, however, unless all the dimensions of the circuit 
approach the order of magnitude of a wave length. Thus a power line 
carr 3 ring 60-cycle current with 20-ft. spacing between conductors will 
radiate practically no energy because a wave length at 60 cycles is more 
than 3000 miles, and 20 ft. is negligible in comparison. On the other 
hand, a coil 20 ft. in diameter and carrying a 2000-kc current will radiate 
a considerable amount of energy because 20 ft. is comparable with the 
150-meter wave length of the radio wave. The common radio antenna 
consisting of a system of overhead wires is essentially a condenser iii 
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which one plate is the ground while the other plate is the flat top. Such 
an arrangement will be a good radiator of electrical energy when the 
, ratio of height to wave length is appreciable, that is, at least 1:100, and 
preferably greater. 

It is apparent from these considerations that the size of radiator 
required is inversely proportional to the frequency (i.e., directly pro¬ 
portional to the wave length). High-frequency waves can therefore be 
produced satisfactorily by a small radiator, while low-frequency waves 
require a high and large antenna system for effective radiation. The 
practical result of this situation is that the cost of a satisfactory antenna 
system increases as the frequency is lowered, and this sets a limit to the 
lowest frequency that it is practicable to employ. 

4. Reception of Radio Signals.—In the reception of radio signals it is 
first necessary to abstract energy from the radio waves passing the 
receiving point. After this has been done, the radio, receiver must 
separate the desired signal from other signals that may be present, and 
then reproduce the original information from the radio waves. In 
addition, arrangements are ordinarily provided for amplification of the 
received energy so that the output of the radio receiver can be greater 
than the energy abstracted from the wave. 

Energy can be abstracted from a passing radio wave by means of an 
antenna system consisting of a wire oriemted so that the magnetic flux 
of the wave cuts across the wire. The resulting induced voltage then 
acts against the impedance of the antenna circuit to produce a current. 
The energy represented by this induced current flowing in the antenna 
system is abstracted from the passing radio wave. 

Since every wave passing the receiving antenna induces its own 
voltage in the antenna conc^uctors it is necessary that the receiving 
equipment be capable of separating the desired signal from the unwanted 
signals that are also inducing voltages in the antenna. This separation 
is made on the basis of the difference in frequency between desired and 
undesired signals, and is carried out by the use of resonant circuits that 
are adjusted to discriminate very strongly in favor of the desired fre¬ 
quency. The ability to discriminate between radio wave.s of different 
frequencies Is called aelectiviiyj and the process of adjusting circuits to 
resonance with the frequency of a desired signal is spoken of as tuning. 

Detection ,—^The process by which the information being transmitted 
is recovered from the radio-frequency currents present in the receiver is 
called detection (or demodulation). Where the information is transmitted 
by varying the amplitude of the radiated wave, detection is accomplished 
by rectif)dng the radio-frequency currents. The rectified current thus 
produced varies in accordance with the information originally modulated 
on the wave radiated from the transmitter. Thus when the modulated 
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wave shown at e of Fig. 2 is rectified, the resulting current is shown at f 
and is seen to have an average value that varies in accordance with the 
amplitude of the original sound vibration. In the transmission of 
telegraph signals by radio, the rectified current reproduces the dots and 
dashes of the telegraph code as shown at Fig. 2c, and could be used to 
operate a telegraph sounder. When it is desired to receive the telegraph 
signals directly on a telephone receiver it is necessary to break up the 
dots and dashes at an audible rate in order to give a note that can be 
heard. Otherwise the telephone receiver would give forth a succession 
of unintelligible clicks. 

Audio- and Radio-frequency Amplification .—The amount of energy 
that can be abstracted by the receiving antenna from a passing radio 
wave is ordinarily so small that it is customary to use amplification in 
the receiver. This amplification may take place before rectification, in 
which case it is termed radio-frequency amplification, or one may amplify 
the currents developed in the output of the detector, which is termed 
audio-frequency amplification. Ordinary radio receivers use both audio- 
and radio-frequency amplification. 

The vacuum tube represents the only satisfactory method for ampli- 
fying the radio signals, and as a consequence is the basis of all modem 
radio receivers. Before the development of the vacuum tube it was 
necessary to depend entirely upon the energy absorbed from the passing 
waves by the receiving antenna. As a result of the small amplitude of 
this eneig>, the signals were always weak and radio reception from other 
than local stations was possible only in very quiet places. 

6. Nature of a Modulated Wave.—The modulated wave that is sent 
out by most radio stations represents an oscillation of varying amplitude 
and so consists of a number of waves of different frequencies superimposed 
upon each other. The actual nature of a modulated wave can be deduced 
by writing down the equation of the wave and making a mathematical 
analysis of the result. Thus, in the case of the simple sine-wave modula¬ 
tions shown in Fig. 3, one has 

€ = Eo{l + rn sin 2'KfJ) sin 2Trft (2) 

where 

e == instantaneous amplitude of wave 

Eo = average amplitude of envelope = carrier amplitude 
m = degree of modulation 

_ cres t alternating component of envelope variation 
”” average amplitude of envelope 

ft == modulation frequency 

= frequency at which envelope amplitude is varied 
/ =s frequency of radio oscillation. 
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The degree of modulation m in Eq. (2) is sometimes expressed as a 
percentage. Thus m = 0.50 represents 50 per cent modulation. 
Multiplying out the right-hand side of Eq. (2) gives 

e = Eo sin 2 t/! + mEo sin 2*/^ sin 2iift 

By expanding the last term into functions of the sum and difference 
angles,^ the equation of a wave with simple sine-wave modulation is 

e = Eo sin 2rfl + ^ cos 2x(/ - f.)t - cos 2r(f + f.)t (3) 


(a) Wove wiih no Modulation 


(b) Wave vs/ith Sinusoidal 
Modulotion m = 50^ 

.^<orner ompHtuofe 



(c) Wave with Sinusoidal 
Modulotion m = 100% 

rCarrier^mplituc^e 


Equation (3) shows that the wave with sine-wave modulation actually 
consists of three separate waves. The first of these is represented by 

the term Eq sin 2 t/^ and is called the 
carrier. Its amplitude is independent of 
the presence of modulation and is equal 
to the average amplitude of the wave. 
The two other components are alike as far 
as magnitude is concerned, but the fre¬ 
quency of one of them is less than the 
carrier frequency by an amount equal to 
the modulation frequency, while the fre¬ 
quency of the second is more than the 
carrier frequency by the same amount. 
These two components are called side- 
hand frequencies and carry the informa¬ 
tion that is being transmitted by the 
modulated wave. The frequency by 
which the side bands differ from the 
Waves having diflfer- carrier frequency represents the modula- 
of simple sine-wave frequency, whereas the amplitude of 

the side-band components compared with 
the amplitude of the carrier determines the degree of modulation, i.e., 
the size of the amplitude variations that are impressed upon the radiated 
wave. 

When the modulation is more complex than the simple sine-wave 
amplitude variation of Fig. 3, the effect is to introduce additional side¬ 
band components. While the carrier wave is always the same, irrespec¬ 
tive of the character of the modulation, there is a pair of side-band 
frequencies for each frequency component in the modulation. Thus, if 
the wave of a radio-telephone transmitter is modulated by a complex 
sound wave containing pitches of 1000 and 1600 cycles, the modulated 

^ The trigo^metric formula for doing this is 

sin X sin ^ H(cob (af — y) — cos (x -f y)] 



Fig. 3.- 
ent degree! 
modulation. 
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wave will contain one pair of 1000-cycle side-band components and one 
pair of 1500-cycle side-band components. The amplitude of any side¬ 
band component is always one-half the amplitude of that particular 
frequency component which is contained in the modulation envelope. 

Significance of the Side Bands ,—The carrier and side-bai|lR frequencies 
are not a mathematical fiction, but have a real existence. This is evi¬ 
denced by the fact that the various frequency components of a modulated 
wave can be separated from each other by suitable filter circuits. 

The side-band frequencies may be considered as being generated as a 
result of varying the amplitude of the wave. They are present only 
when the amplitude is being varied, and their magnitude and frequency 
are determined by the character of the modulation. The carrier fre¬ 
quency, on the other hand, is independent of the modulation, being the 
same even when no modulation is present. 

The information transmitted by the modulated wave is carried by the 
side-band components and not by the carrier, t.c., the information is 
conveyed by the variations in the amplitude of the wave and not by the 
average amplitude. It is therefore desirable to put as much power into 
the side-band frequencies as is possible, which is equivalent to saying 
that the wave amplitude should be varied through the widest possible 
range. When the amplitude is carried completely to zero during the 
modulation cycle, the modulation is at a maximum, or 100 per cent, and 
the side bands contain the maximum amount of power possible. With 
sine-wave Tiodulation such as shown in Fig. 3 this maximum side-band 
power is one-half the carrier power. With degrees of modulation less 
than 100 per cent the side bands will contain correspondingly less power. 

It is apparent that the transmission of information requires the use 
of a band of frequencies rather than a single frequency. In speech and 
music there are important frequency components as high as 10,000 cycles, 
so that speech and music modulated upon a wave can produce side-band 
components extending to over 10,000 cycles on each side of the carrier 
frequency. A radio-telephone station therefore utilizes a frequency band 
about 20,000 cycles wide in transmitting high-quality signals. If this 
entire band is not transmitted equally well through space and by the 
circuits through which the modulated-wave currents must pass, then the 
side-band frequency components that are discriminated against will 
not be reproduced in the receiving equipment with proper amplitude. 
With telegraph signals the essential side bands are relatively narrow 
because the amplitude of the radio-frequency oscillation is varied only 
a few times a second, but a definite frequency band is still required. If 
some of the essential side-band components of the telegraph signal are 
not transmitted, the received dots and dashes, tend to run together*and 
become indistinguishable. 
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CmcmXJXEMENTS 

6. Condensers.—A condenser consists of two electrodes separated 
by a dielectric. A voltage applied between these electrodes causes an 
electric charge to flow into them, with the resulting production in the 
dielectric of an electrostatic field that represents stored energy. The 
amount of energy stored in this way depends upon the voltage that is 
applied to the electrodes and upon the electrostatic capacitance (or 
capacity) of the combination. This capacitance is measured in farads, 
which is a capacitance of such a size that when 1 volt is applied between 
the electrodes a charge of 1 coulomb (equivalent to 1 amp. of current 
flowing for 1 sec.) will be stored. Because of its large size the farad is 
commonly divided into microfarads and micromicrofarads, abbreviated 
and mm/, respectively. Where the condenser electrodes are parallel 
plates having a constant spacing, the capacitance (neglecting edge effects) 
is given by the equation 

Capacitance in mm^ = 0.08842jFC^ (4) 

where A is the area of the dielectric in square centimeters, d the spacing 
between plates in centimeters, and K a constant called the dielectric 
constant that depends upon^the dielectric material and is substantially 
independent of frequency. Values of K for common dielectrics are given 
in Table III. 

Losses in Condensers ,—A perfect condenser when discharged gives 
up all the energy stored in it. This ideal is never completely realized, 
however. The result is that when an alternating voltage is applied to 
a condenser a certain amount of power is absorbed during each cycle. 
The power factor of the condenser current is a characteristic of the 
dielectric (assuming the resistance of the electrodes and leads is negli- 
jpble) and is normally independent of the capacitance of the condenser, 
the frequency, or the applied voltage. While the power factor of the 
condenser is determined by the kind of dielectric employed, it is alsD 
affected by the conditions under which the dielectric operates. Thus 
the power factor always becomes higher as the temperature is raised a *d 
tends to be increased by absorbed moisture. Values of power factor 
for typical dielectrics are given in Table III. 

10 
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Table III.— Characteristics of Dielectrics at Radio FriJquencies with Normal 

Room Temperature ‘ 


Material 

Dielectric 

constant 

Power factor 

Air. 

1.00 

6 to 9 

0.000 

Mica (electrical).!. 

0.0001 to 0.0007 

Hard rubber. 

3 to 5 

0.006 to 0.014 

Glass (electrical). 

4.90 to 7.00 

0.004 to 0.016 

Bakelite derivatives. 

4.5 to 7.5 

0.02 to 0.09 

Celluloid. 

4.10 

0.042 

Fiber (dry). 

4 to 6 

0.02 to 0.09 

Wood (without special preparation) 
Oak. 

3.3 

0.039 

Maple. 

4.4 

0.033 

Birch. 

5.2 

0.065 

Mycalex. 

8 

0.002 

Isolantite... 

6.1 

0.0018 

Porcelain (wet process). 

6.5 to 7.0 

0.006 to 0.008 


1 These data were compiled from various sources and represent typical values that can be exi>eote(L 

The losses x)f a dielectric are sometimes expressed in terms of the 
angle by which the current flowing into the condenser fails to be 90° out 
of phase with the voltage. This angle is called the phase angle of the 
dielectric, and its value in radians is substantially equal to the power 
factor. Thys a power factor of 0.01 represents a phase angle of 0.01 
radian or ^.573°. 

The effect of the dielectric losses on the behavior of a circuit containing 
the condenser can be most conveniently expressed by considering the 



(d) <b) (c) 

Fiq. 4. —Representation of imperfect condenser by a perfect condenser of same capacitance, 
with series resistance, and by a perfect condenser with shunt resistance. 

actual condenser to consist of a perfect condenser associated with a shunt 
resistance, as in Fig. 4c, or a series resistance as in Fig. 46. The capaci¬ 
tance of the perfect condenser is made the same as the capacitance of the 
actual condenser, while the equivalent series or shunt resistance, as the 
c^Use may be, is so selected that the power factor formed by the combina- 
tuAi of perfect condenser and resistance is the same as the power factor 
of the actual condenser. The values of series and shunt resistances 
required are given by the following equations: 
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« • • X » power factor .. v 

Senes resistance * iCi =* -— (5a) 

Shunt resistance « fZ* = -?—i—\ (5^) 

(2ir/C) X (power factor) ^ ' 

Examination of these equations shows that the series and shunt resist¬ 
ances are inversely proportional to the frequency and the condenser 
capacitance. 

Typea^of Condensers, —P aper, mica, and air are the dielectrics most 
frequently je mployed in condensers used in ra dio wor k. In addition, 
electrolytic condensers find use for certain purposes. P aper dielectric is 
inexpensive and gives a reasonably large capacitance in proportion to 
volume, but has the disadvantage of fairly high electrical losses. A good 
grade of mica has much lower losses than paper and so is particularly 
suitable for condensers where low losses are important, but is quite 
expensive. Photographs of typical paper and mica condensers are shown 
in Fig. 5. 

Air is an almost perfect dielectric, having practically no losses if 
corona is avoided. The only losses of air condensers are then those 
arising from the resistance of the electrodes, and the dielectric losses in 
the mounting insulators. ’The result is a very low power factor when the 
condenser is properly made. The disadvantages of the air condenser 
are its low voltage rating and the large bulk required to obtain a reason¬ 
able capacitance. The chief use of air condensers is for tuning resonant 
circuits at radio frequencies, where a variable condenser having very low 
losses is required. Air condensers for this purpose employ a series of 
spaced fixed plates as one electrode and a series of similarly spaced rotat¬ 
ing plates as the other electrode as shown in Fig. 5. The rotating plates 
mesh with the fixed plates without touching, thus giving a capacitance 
determined by the angle of rotation. Where several resonant circuits 
are to be timed simultaneously, as in the case of broadcast receivers, it is 
customary to place all sets of rotating plates on a common shaft (see 
Fig. 6). 

The electrolytic condenser makes use of the fact that aluminum (and 
certain other materials), when placed in a suitable solution and made the 
positive ‘ electrode, will form a thin insulating surface film that will 
^thstand a considerable voltage and that at the same time will have a 
hifl^ electrostatic capacitance per unit aW of film. Electrolytic con- 
densere are characterized by a high capacitance in proportion to volume, 
and are the least ejpeimve of all condensers. However, they have a 
much higher leakage current than do other condensers, and their power 
factor is high and dependent upon frequency. Furthermore, the capaci¬ 
tance, power factor, leakage, etc., change with age, applied voltage, and 
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temperature. Electrolytic condensers are widely used in radio work for 
filter and by-pass purposes. In these applications they are subjected to 
a direct-current voltage, and are then called upon to short-circuit any 
superimposed alternating potential. Under such conditions the losses 
and the exact capacitance are unimportant. Pictures of typical 
electrolytic condensers are given in Fig. 5. 

VoUage Rating of Condensers ,—The voltage that can be safely applied 
to condensers having solid dielectrics such as paper and mica depends 
upon the insulating strength of the dielectric used and upon the electrical 
losses in the dielectric. If the applied voltages exceed the dielectric 
strength, the dielectric will spark through and the condenser will be 
destroyed. However, if the losses in the condenser are sufficient to 
cause a moderate amount of heating, the allowable voltage will be some¬ 
thing less than the dielectric strength of the material. This is because 
all dielectrics deteriorate rapidly when heated. As the condenser current 
and hence the losses are proportional to frequency, the voltage rating of a 
particular condenser will be highest on direct-current potentials, some¬ 
what less at low frequencies, and increasingly lower as the frequency is 
increased. It is therefore very important that condensers which must 
withstand high radio-frequency voltages have low losses. The impor¬ 
tance of losses in deteiTnining the voltage rating is illustrated by the 
ratings of a particular 0.001 yi mica condenser given in Table IV. 


Table IV 


Frequency, Kc 
Direct current. 

1 . 

100 . 

300. 

1000. 

3000. 

10,000. 


Rate^l Effective 
Voltage 
... 15,000 
.. 10,000 
5000 
... 3000 

1780 
605 
178 


The voltage limit of an air condenser is determined by either corona 
or spark-over, whichever appears first. When high voltages are to be 
handled, the plates must be widely spaced, and it is helpful to round off 
sharp comers in order to reduce the tendency for corona to form. Air 
condensers for high voltage service are very bulky in proportion to 
capacitance and so are used only when small capacitances are required. 

The voltage limit of an electrolytic condenser depends upon the thick¬ 
ness of the insulating film at the positive aluminum electrode, and may 
be as high as 600 volts. If the allowable voltage is exceeded the film 
will puncture, but reforms when the excess voltage is removed. Elec- 
troljrtic condensers are consequently not destroyed by momentary 
overvoltages as are paper and mica condensers. 
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7, Inductance.—Whenever a current flows in an electrical circuit, 
there is produced magnetic flux that links with (i.e., encircles) the current. 
The number of flux linkages actually present with a given current is 
measured in terms of a property of the circuit called the inductance, and 
depends upon the arrangement of the circuit and the presence or absence 
of magnetic substances. 

Inductance can be defined as the flux linkages per ampere of current 
producing the flux. That is, 

Inductance L in henries = -(6) 

current producing flux 


A flux linkage represents one flux line encircling the circuit current once. 

Thus in Fig. 6 flux line aa contributes eight flux linkages toward the coil 

inductance because it circles the current 

flowing in the coil eight times. On the fL ^ \ 

other hand, flux line h of the same coil ' 

contributes only one-half a flux linkage ^ 

toward the coil inductance because this 

particular line encircles only one-half the ( ( j j 

coil current. \ V ^ ^ yJ 

The inductance of a coil is propor- Fm. 6.—-Flux and current dis- 

tional to the square of the number of l^r^"oreLnductaZ‘'co^^ 

turns if the dimensions such as length, rent density at radio frequencies is 
J. . A 1 A indicated by the depth of shading. 

diameter, rlcpth of winding, etc., are kept 

constant as the number of turns is altered. The reason for this 


behavior lies in the fact that, if the coil dimensions are kept constant, 
the amount of magnetic flux produced by a given coil current and the 
number of times each flux line links with the coil current are both pro¬ 
portional to the number of turns, so that the flux linkages per amper6 
are proportional to the square of the number of turns. 

The inductance of coils having the same number of turns and the 
same shape is always proportional to the size (f.e., to a linear dimension, 
such as length or radius) of the coil. Thus, if two coils have the same 
number of turns but one is twice as big as the other in every dimension 
(such as diameter, length, width, depth of winding, etc.), then the larger 
coil will have twice the inductance of the smaller one. 

Formulas for calculating the inductance of coils are found in every 
radio or electrical handbook. 

Incremental Inductance .—In many communication circuits there are 
iron-core coils that carry a large direct current upon which is super¬ 
imposed a small alternating current. The inductance that such a coil 
offers to the superimposed alternating magnetism is termed the incre¬ 
mental inductancey the inductance to an increment of magnetizatioxu 



16 


FUNDAMENTALS OF RADIO 


[Chap. II 


Experiment shows that the incremental inductance increases as the super¬ 
imposed alternating magnetization is increased up to the point where 
saturation begins, whereas increasing the direct-current magnetization 
reduces the incremental inductance. This is illustrated in Fig. 7. 

Magnetic Materials .—Cores for such communication apparatus as 
audio-frequency transformers, power transformers, and filter reactors are 
most commonly of silicon-steel laminations. Special grades of such 
laminations have been developed which have lower losses and higher 
incremental permeability than ordinary silicon steel. In addition, a 
number of alloys having unusual magnetic properties are coming into 
increasing use in communication work. Chief among these are a series 



Fio. 7.—Ciirve giving incremental permeability of typical silicon steel as a function of 
altemating-cunrent magnetization superimposed upon several values of direct*current 
magnetisation, showing how the inductance decreases with increased direct-current and 
reduced alternating-current magnetization. 

« 

of nickel-iron alloys characterized by extremely high permeability and 
low hysteresis loss at low flux densities. Different compositions go under 
such names as permalloy, mu-metal, hypemik, nicoloi (or electric 
metal), etc. A related nickel-iron-cobalt alloy called perminvar, which 
has a moderately high permeability at low flux densities, is remarkable 
for a permeability that is practically constant for magnetomotive forces 
up to about two ampere turns per centimeter, coupled with an extremely 
low hysteresis loss. A wide variety of other alloys are available for other 
special uses, such as permanent magnets, high permeability at high flux 
densities, etc. 

8. Mutual Inductance and Coefficient of Coupling. —When two 
inductance coils are so placed in relation to each other that flux lines 
produced by current in one of the coils link with the turns of the other 
coil as shown in Fig. 8a, the two inductances are said to be inductively 
coupled. The effects that this coupling produces cap be expressed in 
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terms of a property called the mutual inductance^ that is defined by the 
relation: 


Mutual inductance M in henries 


(: 


flux linkages in second \ 
coil produced by current ) 
in first coil 


current in first coil 




(7a) 


( flux linkages in first \ 

coil produced by current ) 
in second coil /ia-s 


current in second coil 


10-8 (76) 


Formulas (7a) and (76) are equivalent and give the same value of mutual 
inductance. The flux linkages produced in the coil that has no current 


(a) Inductively 

Coupled (b) Coupled by Common (c) Coupled by 

Inductance (Direct Common 



in it are counted just as though there was a current in this coil. Hence 
the number of times a flux line would encircle an imaginary coil current 
is the number of linkages contributed by this particular line. 

When two coils of inductance L\ and L 2 , between which a mutual 
inductance M exists, are connected in series, the equivalent inductance 
of the combination is Li + L 2 ± 2M. The term 2M takes into account 
the flux linkages in each coil due to the current in the other coil. These 
mutual linkages may add to or subtract from the self-linkages, depending 
upon the relative direction in which the current passes through the twq 
coils. The maximum value of mutual inductance that can be obtained 
between two coils having inductances L\ and L 2 is y/L\Li. The ratio 
of mutual inductance actually present to this maximum possible value 
is called the coefficient of coupling. Hence 


Coefficient of coupling 


k = 


M 

y/LiLft 


( 8 ) 


The coefficient of coupling is a convenient constant because it expresses 
the extent to which the two inductances ate coupled, independently of 
the size of the inductances concerned. In air-core coils, as used in radio. 
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a coupling coefficient of 0.5 is considered high and is said to represent 
“close’’ coupling, while coefficients of only a few hundredths represent 
‘‘loose” coupling. 

Any two circuits so arranged that energy can be transferred from 
one to the other are said to be coupled, even though this transfer of 
energy takes place by some means such as a condenser, resistance, or 
inductance common to the two circuits, rather than by the aid of a mutual 
inductance. Examples of various methods of coupling are shown in 
Fig. 8. Any two circuits that are coupled by a common impedance have a 
coefficient of coupling that is equal to the ratio of the common impedance 
to the square root of the product of the total impedances of the same kind as 
the coupling impedances that are present in the two circuits. That is, 

Zm 

Coefficient of coupling = fc = (9) 

v Z1Z2 

where Zm is the common impedance and Zi and Z 2 are the total imped¬ 
ances of the same kind as Zm in the primary and secondary circuits 
respectively. Thus with case h in Fig. 8, where the coupling is furnished 
by the common inductance Lm, the total inductances of the two circuits 
are Li + Lm and L 2 + Lm, and the coefficient of coupling is given by the 
equation 

Coefficient of coupling k for Fig. 86 = —: v:::z rzr^ (10) 

\/(Ll + Lm)(L2 + Lm) 

9. The Effective Resistance of Coils and Conductors at Radio Fre¬ 
quencies.—The effective resistance offered by conductors to radio 
frequencies is considerably more than the resistance measured with 
direct currents. This is th^ result of skin effect, which causes the current 
to be concentrated in certain parts of the conductor and leaves the 
remainder of the conductor to do little or nothing toward carrying the 
current. As a result of this effect it is necessary to generalize the concept 
of conductor resistance when dealing with radio frequencies by considering 
the resistance to be that quantity which when multiplied by the square of the 
current wiU give the energy dissipated in the conductor. 

A simple example of skin effect is furnished by an isolated round wire. 
When a current is flowing through such a conductor, the magnetic 
flux that results is in the form of concentric circles as shown in Fig. 9. 
It is to be noted that some of this flux exists within the conductor and 
therefore links with, i.e., encircles, current near the center of the con¬ 
ductor while not linking with current ^flowing near the surface. The 
result is that the inductance of the central part of the conductor is 
greater than the inductance of the part of the conductor near the surface. 
At radio frequencies the reactance of this extra inductance is sufficiently 
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great to affect seriously the flow of current. Most of the current then 
flows along the surface of the conductor where the impedance is low, 
rather than near the center where the impedance is high. The center 
part of the conductor therefore does not carry its share of the current 
and the effective resistance is increased. The actual type of current 
distribution obtained in the case of a round wire is as shown in Fig. 9. 

Skin effect occurs whenever some parts of a conductor have more flux 
linkages than other parts. The result of skin effect is to cause a redistri¬ 
bution of current over the conductor cross section of such a character 
that most of the current flows where it is encircled by the smallest number 
of flux lines. This is because those parts encircled by the fewest flux 
lines have the lowest inductance, and 
hence offer the least impedance to the 
current. 

The ratio that the effective alternat¬ 
ing-current resistance bears to the di¬ 
rect-current resistance of a conductor 
increases with frequency and with the 
conductivity of the conductor material. 

This is because the higher frequency 
increases the reactance produced by the 
extra flux linkages, whereas a higher 
conductivity causes slight differences of 
inductant'c for different parts of the 
conductor to have more effect on the 
current distribution. 

The non-uniformity of current dis¬ 
tribution that results from skin effect 
can be reduced by employing a conductor 
consisting of a large number of small 
insulated wires connected in parallel at the terminals and thoroughly 
interwoven. If the interweaving is complete each conductor will 
im the average link with the same number of flux lines as every other 
conductor. This will give all the individual strands substantially the 
same inductance, and will therefore cause the current to distribute 
uniformly between the strands. A stranded cable of this type is called 
a litz conductor and is very effective in reducing the radio-frequency 
resistance at broadcast and lower frequencies. 

Resistance of Coils at High Frequencies .—The same principles that 
govern the current distribution in an isolated conductor also determine 
the distribution of current in the conductors of a coil. That is, the cur¬ 
rent density is greatest in those parts of each coil conductor encircled by 
the smallest number of flux lines. The skin effect in coils is, however, 



DisfribuHon of 
current cfensif/ 


Radicil Distance 
Fig. 9. —Isolated round conductor, 
showing flux paths and current dis¬ 
tribution at radio frequencies. Note 
that the current density is highest for 
parts of the conductor encircled by the 
fewest flux lines. 
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much more complicated and much greater in magnitude than in isolated 
conductors because each turn of the coil produces flux that causes non¬ 
uniformity of current distribution in adjacent turns. The nature of the 
current distribution in the conductors of a typical radio coil is indicated 
by the shading in Fig. 6. This also shows the flux paths and brings out 
the relation between current density and flux linkages. 

The losses in a coil are most conveniently expressed in terms of the 
ratio of the coil reactance uL to the effective coil resistance R. This ratio 
approximates the reciprocal of the coil power factor. It is so important 



Fio. 10.—Curves showing Q as a function of frequency for a number of coils having the 
same inductance but different dimensions, different proportions, and different wire 

sisea. 


in the theory of resonant circuits as to be considered a fundamental coil 
property, and is usually referred to by the symbol Q. That is, 

Q — poll reactan ce _ ^ 

^ ~ coil resistance R 

The effective coil resistance R includes any dielectric loss that the coil 
may have. 

It is convenient to express the characteristics of a coil in terms of the 
ratio Q, because this quantity is approximately constant for the same coil 
over its usual working range of frequencies. Furthermore, the value of 
Q for equally well-designed coils intended for use at differept frequencies 
is apprommately the same. That is, a value of Q denoting an eflBcient 
coil (rf a mze suitable for use at 100 kc also represents the Q of an eflBcient 
coil for ipoo-kc service. The values of Q actually obtained with coils 
used in receiving equipment range from thirty to several hundred, with 
greater values frequently encountered in transmitter inductances. 

The actuid value of Q depends in a complicated way upon the coil 
oonstruction and the frequency. However, there are certain general 
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trends that can be expected to hold. Thus the larger the physical size 
of the coil the higher tends to be the Q, The Q varies much more slowly 
than does the size, however, so very small coils are still reasonably 
efficient. Also, for any given inductance and physical size there is a best^ 
wire diameter that is often, although not always, the largest conductor 
that can be wound in the available space. For any given inductance 
and volume there is also a best shape, which for single layer solenoids is 
usually when the length of the coil is about the same as the diameter. 
The arrangement of the winding affects the Q, and it is often found that 
multilayer constructions are superior to single-layer coils having the 
same physical dimensions and inductance. The type of conductor is 
also important, as indicated below. The influence of some of these 
factors on coil Q is illustrated in Fig. 10. 

10. Coils for Radio-frequency Circuits. Coils for Tuned Circuits of 
Radio Receivers. —Coils used in the resonant circuits of radio receivers 
musi have low losses (high Q), must be physically small, and must have 
low distributed capacitance. The type of coil used to meet these 
requirements depends upon the frequency. Above 1500 kc, single-layer 
solenoids space wound with solid wire on a thin form are customary. 
At broadcast frequencies both single-layer solenoids and multilayer 
coils are used. Solid wire is employed where cost is an important factor 
although litz wire properly used will usually result in an increased value 
of Q at broadcast frequencies. 

At frequencies below the broadcast range (below 550 kc) multilayer 
coils are bc^t. Both solid and litz conductors are used, although litz is 
decidedly preferable in this frequency range. Coils for frequencies 
below 500 kc are often provided with magnetic cores of the type described 
below. 

Typical coils used in commercial radio receivers are shown in 

Fig. 11. 

Cmh for Tuned Circuits of Transmitters. —Coils used in the resonant 
circuits of transmitters differ from the corresponding coils for receivers 
in that the current that must be carried and the voltage that is developed 
across the terminals are much greater. The constructional details 
depend upon the frequency and the power involved. In general, how¬ 
ever, the coils are provided with spaced turns in order to withstand the 
voltage satisfactorily, and ordinarily employ large conductors in order to 
carry the heavy currents with low los§e8. At high radio frequencies, 
where only a small inductance is required, solid wire space wound on a 
single-layer ceramic form is typical powers, while 

self-supporting coils constructed fropff^^jSP-tabiBg*^]® .used for high 
power. Coils for broadcas t frequ^efty^nerdly employ either sing le- 
layer solenoid or pancake constru^j^, and mqji ^i^^dre, tubing, strip . 
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Broadcast transmitter inductance (edgewise-wound strip) 



! 



Large inductance for long-wave transmitter (multi- Short-wave coil (copper 
layer lits coil) , . . , tubmg) 

Flo. 12._Photographs of typical coils used in tuned circuits of radio transmitters. 
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or edgewise-wound strip. Coils for lower radio frequencies are usually of 
multilayer construction, preferably using litz wire. 

Typical transmitter coils are shown in Fig. 12. 

DistribiUed Capacitance of Coils with Particular Reference to MuUiUiyer 
Coils. —^In an inductance coil there are capacitances between adjacent 
turns, capacitances between turns that are not 
adjacent, and capacitances between terminal leads. 
In addition there can be capacitances to ground from 

_ each turn. Some of the different capacitances that 

may exist in a typical coil are shown in Fig. 13. 

Fig. 13.—Some of ^ach of these capacitances stores a quantity of 
that contribute to the electrostatic energy that is determined by the 
tencroU caP^citaiice and the fraction of the total coil voltage 

coil. that appears across the turns involved. The total 

effect that the numerous small coil capacitances have 
can ordinarily be represented to a high degree of accuracy by assum¬ 
ing that these many capacitances can be replaced by a single condenser 
of appropriate size shunted across the coil terminals. This equivalent 
capacitance is called the distributed capacitance of the coil. 

In multilayer coils the distributed capacitance tends to be high 
because the layer arrangement of the wind¬ 
ing causes turns from different parts of the 
winding to be located near each other. 

Thus in the two-layer winding shown at 
Fig. 14a, in iprhich the turns are numbered 
in order, the first and last turns are 
adjacent, which greatly increases the shunt¬ 
ing capacitance. The distributed capaci¬ 
tance of multilayer coils can be kept low by 
expedients such as illustrated in Fig. 14. 

Here the turns associated with the two ends 
of the coil are kept apart by a narrow 
winding form as at c and d, or by arranging 
the sequence of turns to form a bank wind¬ 
ing as illustrated at b (also see Fig. 11). (c> Deep Narn>v«f 
The ‘‘universal’^ (or honeycomb) coil illus- 
trated in Figs. 11 and 15 is also often used 
for multilayer coils. This is a self-support¬ 
ing winding with relatively few turns per layer, arranged so that the 
turns of adjacent layers have appreciable air separation except at the 
cross-over points. 

Radiofrequency Choke Coils. —^The term radio-frequency choke is 
api^ied to coils that are designed to provide a high impedance over an 





<a)Lwyer Winding (b>Boink Winding 


ttS)®(Sx8: 

|cDCD®(I; 

sm 




(d> Spocod Layer 
Winding 


'inding 

Fiq. 14.—Several types of multi¬ 
layer windings. 
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appreciable frequency band. Such coils are used in receiver and trans*- 
mitter circuits to carry direct current while preventing the flow of radio¬ 
frequency currents. Radio-frequency choke coils, must have a high 
inductance so that very little radio-frequency current will flow through 
the winding. At the same time the coil must have low distributed 
capacitance so that there will be a minimum of radio-frequency current 
by-passed around the coil. Typical method^ of constructing radio¬ 
frequency choke coils are illustrated in Fig. 15. The resistance of a 


/ 


Fig. 15.—Photographs 


of different types of radio-frequency choke coils, 
of the “ universal-wound” type. 


All of these are 





radio-frequency choke coil is relatively unimportant, and the wire size is 
chosen on the basis of current-carrying capacity. 

Radio-frequency Coils Having Magnetic usefulness of 

magnetic materials at high frequencies is Umited by 
it has been found, however, that by suitably subdividing the core 
material the eddy-current losses can be reduced to low values even at 
radio frequencies. The required degree of sub^vision is o^tamed by 
producing the magnetic material as a very fine dust that is ^ 

an insulating binder and then formed under pressure to the desired sha^ 
Coils employing such cores have reasonably low losses up to frequencies 
S 1000 L,^nd are used to a considerable extent at frequencies below 
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500 kc. Such cores make it possible to reduce the physical dimension! 
while maintaining the coil Q at a reasonable value. 

11* Shielding of Magnetic and Electrostatic Fields.—Circumstances 
often arise where it is necessary to confine electrostatic and magnetic 
fields to a limited space. Thus, in radio receivers having several coils 
associated with different tuned circuits, it is commonly necessary to 
shield these coils from each other to eliminate couplings that would trans¬ 
fer energy between the tuned circuits. 

Electrostatic fields can be confined to a limited space by enclosing the 
space with a conducting shield upon which electrostatic flux lines termi¬ 
nate. If the shield material does not 
have excessive electrical resistivity 
the flux lines are virtually short-cir¬ 
cuited, and the shielding is practically 
perfect. 

High-frequency magnetic fields are 
ordinarily controlled by conducting 
shields. When alternating magnetic 
flux attempts to pass through such a 
shield, the magnetic flux induces a 
voltage in cutting through the con¬ 
ductor. This voltage produces eddy 
currents which in large measure pre- 




Electrostatic 
Flux - No Shielfll 






Maanefic Flux- 


Maan 

No»i*n( 


loignetic SHield 


Electrostoitic Rux With 
Conducting Shieloi 



magnetic flux lines about the same coil practicallv Perfect 
with and without magnetic and non- ^ ^ 

magnetic shields. Coils Used for timed circuits in 

radio receivers are commonly placed 
in aluminum or copper shield cans to obtain both magnetic and electro¬ 
static shielding. This reduces the inductance of the coil by restricting 
the flux paths to the space within the shield as shown in Fig. 16 and 
thereby increasing the reluctance of the magnetic circuit. The shield 
likewise increases the effective coil resistance because the energy losses 
represented by the eddy currents in the shield are supplied by the coil. 
However, if the shield is large enough so that the spacing between coil 
and shield is everywhere at least equal to the coil radius, these effects 
on the coil properties are not serious. 

Low frequency and direct-current magnetic fields require the use of a 
shield of magnetic material. Conducting shields are not effective because 
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the induced voltage produced by the flux is zero in the case of direct 
fields and small at low frequencies. A magnetic shield acts as a short 
circuit to the flux lines as a result of the fact that its magnetic permeabil¬ 
ity is higher than that of the surrounding space. This is illustrated in 
Fig. 16. In order to be effective, magnetic shields must have high 
permeability at low flux densities and so should be made of permalloy 
or other high permeability alloy. 

Problemg 

1. A variable condenser with air dielectric is to have a total capacitance of 150 ju/if. 

If the spacing between plates is 0.07 cm, calculate the total area of dielectric required. 

If the rotating plates are semicircular with a radius of 3 cm, calculate the number of 
rotating plates required, assuming that both sides of every plate are active. Neglect 
the loss in area caused by the shaft. 

2. A condenser employs a dielectric consisting of a glass plate having a thickness 
of 0.15 cm, a dielectric constant of 5, and a power factor of 0.008. Calculate the area 
of active dielectric required to obtain a capacitance of 0.002 gf. 

3. In the condenser of Prob. 2, calculate: 

a. The phase angle of the dielectric. 

5. The equivalent series resistance at 1,000,000 cycles. 

c. The power lost in the condenser when a potential of 250 volts effective of fre¬ 
quency 1,000,000 cycles is applied to the condenser. 

4. A mica condenser with power factor 0.0005 has a capacitance of 0.001 juf. 

a. What are its equivalent series and shunt resistances at frequencies of 1000, 
100,000, and 10,000,000 cycles? 

b. What are its phase angles at these same frequencies? 

5. Deri’/e an exact formula for the power factor of a condenser in terms of the 
piiase aiip'ie, and demonstrate that when the phase angle is small the power factor is, 
substantially equal to the phase angle expressed in radians. 

6. A certain mica condenser is found by measurements at 500,000 cycles to have a 
series resistance of 0.35 ohm, and a capacitance of 510 ufA. 

a. What is the power factor of the dielectric? 

h. What would the series resistance be at 1,200,000 cycles? 

7. A certain variable condenser having air dielectric with bakelite supports obtains 
10 Mjuf of its capacitance through the bakelite dielectric having a power factor of 4 per 
cent and the remainder of its capacitance from the air, which has no losses. 

a. What is the equivalent shunt resistance of the combination when the total 
capacitance is 100 nixi (90 fifii from air and 10 /u/xf from bakelite) and the frequency 
is 750,000 cycles? 

h. What is the equivalent series resistance under the same conditions? 

8. The condenser of Prob. 4 is able to stand an effective alternating-current 
potential of 2000 volts at very low frequencies without sparking through and is able 
to dissipate H watt of heat safely. 

a. What is the highest frequency at which it is permissible to apply a potential of 
2000 volts effective, assuming that the only losses are dielectric losses? 

6. If the only losses are dielectric losses (electrode resistance neglected) what is 
the voltage rating at frequencies of 1, 100, and 10,000 kilocycles? 

9. If in Fig. 6 the flux shown is produced by a current of 0.2 amp., estimate the 
coil inductance. (Assume that Fig. 6 gives a two-dimensional representation of the 
flux lines in the three-dimensional coil.) 
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10 . Coil 1 in Fig. 10 is a single-layer solenoid with a 60-turn winding 3 in. long and 
3 in. in diameter. How many turns would be required to obtain the same inductance 
if the coil were 2 in. in diameter and 2 in. long? 

11 . In an iron-core coil it is found that the introduction of a small air gap in the 
magnetic circuit of the core will increase the incremental inductance when there is 
appreciable direct-current magnetization present, but will reduce the incremental 
inductance if the direct-current magnetization is zero or very small. Explain. 

12 . Suggest a method by which mutual inductance might be measured, using a 
bridge callable of measuring only inductance. 

13 . Demonstrate that two coils which have their axes respectively parallel to and 
at right angles with the line joining the coil centers will have zero mutual inductance. 

14 . Derive a formula for the coefficient of coupling for the circuit of Fig. 8c. 

16 . Explain how skin effect makes the inductance of an isolated conductor slightly 
less at radio frequencies than at low frequencies. 

16 . Derive an equation giving the exact relation between the Q of a coil and the 
coil power factor, and from this calculate the error in the approximate relation: 
Power factor = 1 /Q, when Q = 50. 

17 . In Fig. 10, calculate and plot: (a) the resistance as a function of frequency 
for the No. 24 wire case; (b) the ratio of alternating-current to direct-current resistance 
for the same coil. 

18 . Explain why the distributed capacitance of a coil is always increased by the 
wax or other coating used for protection against moisture. 

19 . Explain the reason that moisture in the insulation is very detrimental to the 
properties of a coil. 

20 . In transmitter inductances explain why copper tubing gives a resistance just 
as low as solid copper conductor of the same diameter. 

21 . Transmitter inductances wound with bare copper tubing are sometimes plated 
to prevent corrosion and improve the appearance. Discuss the relationship between 
resistivity and thickness of the plated layer and the radio-frequency resistance of the 
coil. 

22 . It is observed in a non-magnetic shield surrounding a solenoidal coil that the 
effectiveness of the shielding is not affected appreciably by a joint in the shield, pro¬ 
vided this joint is in a plane perpencycular to the axis of the coil, but is very seriously 
reduce^ if the joint is in a plane that contains the axis of the coil. Explain. 

23 . Discuss the effect upon the distributed capacitance of a coil of: (a) a conducting 
shield, {h) a magnetic shield. 

24 . When low-frequency fields are shielded by a magnetic shield, what effect 
does the presence of the shield have on: (o) the coil inductance, (b) the effective coil 
resistance? 
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12. Series Resonance.—When a constant voltage of varying fre¬ 
quency is applied to a circuit consisting of an inductance, a capacitance, 
and a resistance all in series, the current varies with frequency in the 
manner shown in Fig. 17. At low frequencies the reactance of the con¬ 
denser is large and the reactance of the inductance small. The circuit 



Fig. 17.—Series resonant circuit and typical resonance curves for different values of 

circuit Q. 


then has a high impedance, and only a small current flows. Similarly 
at high frequencies, the reactance of the inductance is high and the react¬ 
ance of the capacitance small, so that the impedance is again large and 
the current small. In between these extremes there is a frequency, called 
the resonant frequency^ at which the inductive and capacitive reactances 
are exactly equal, and being of opposite sign consequently neutralize 
each other. At this resonant frequency there is accordingly only the 
resistance to oppose the flow of current, and if the resistance is low the 
current at resonance will be large. 

The resonant frequency is the frequency at which the inductive and 
capacitive reactances are equal, and so is given by the relation 


or 


27r/L = 


1 

2irfC 


(12a) 


Resonant frequency = 


1 


.(126) 


39 



30 


FUNDAMENTALS OF RADIO 


[Chap. Ill 


Equation (126) shows that the resonant frequency depends only upon the 
product LC, 

Analysis of Resonance Curves .—Curves such as shown in Fig. 17, giving 
the variation of current with frequency, are called resonance curves. 
The shape of these curves can be calculated by the usual method of 
analyzing alternating-current circuits. This analysis will now be carried 
out using the following symbols: 

E == voltage applied to circuit 
I = magnitude of current flowing in circuit 
/ = frequency in cycles 
ca = 2irf 

Q = o)L/R 

R = effective series resistance of tuned circuit, including both coil 
resistance and equivalent series resistance of condenser. 

L = inductance in henries 
C = capacitance in farads 
z = magnitude of impedance of series circuit 
0 = phase angle of impedance of series circuit 
Z = zZB = vector impedance of circuit 
The reactance formed by the inductance and capacitance of the series 


circuit is 




The impedance formed by this reactance in series 


with the resistance R of the circuit is therefore 


Circuit impedance z 




Phase angle 6 of impedance = tan~‘ 



(13a) 

(136) 


The current I that flows is the voltage divided by the impedance, or 




(14) 


This current lags behind the voltage by the angle $ given by Eq. (136). 
For the special case of resonance, wL = 1/wC, and Eqs. (13a) and (14) 
become 


Series impedance at resonance = R 

E 

Current at resonance = -5 


(15o) 

(156) 
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The current at resonance is in phase with the applied voltage because the 
impedance is resistive. 

Shape of Resonance Curves, Universal Resonance Curve ,—The sharp¬ 
ness of the resonance curve in the immediate vicinity of resonance is 
determined by the Q of the resonant circuit.^ This is apparent from 
Fig. 17, and can be explained as follows. At resonance the current is 
inversely proportional to resistance, and so directly proportional to the 
circuit Q, At the same time, the current that flows for frequencies differ¬ 
ing appreciably from the resonant frequency is substantially independent 
of the circuit resistance. This is because at such frequencies the react¬ 
ance of the circuit is greater than the resistance and so controls the circuit 
impedance. The result is that increasing the circuit resistance (i,e,, 
lowering Q) flattens the resonance curve by reducing the response at 
resonance without affecting the response at frequencies appreciably 
different from resonance. This action is apparent in the curves of Fig. 17. 

The resonance curve of a series circuit is for all practical purposes 
symmetrical about the resonant frequency, provided the circuit Q is at 
least moderately high. 

The shape of the resonance curve can be conveniently expressed in 
terms of the universal resonance curve of Fig. 18. This curve gives the 
ratio of actual current to current at resonance, in terms of the circuit Q 
and the fractional deviation of the frequency from the resonant frequency. 
The universal resonance curve can be calculated from Eqs. (12), (14), 
and (156).^ It makes no approximations except the assumption that the 
circuit Q is constant over the range of frequencies involved. The uni¬ 
versal resonance curve is particularly useful because it applies to all 
resonant circuits irrespective of circuit constants. 

The use of the universal resonance curve in practical calculations is 
illustrated by the following examples: 

Example 1 . —It is desired to know how many cycles one must be off resonance to 
reduce the current to one-half the value at resonance when the circuit has a Q of 125 
and is resonant at 1000 kc. 

Reference to Fig. 18 shows that the response is reduced to 0.5 when a = 0.86. 
Hence 

^ « ^>-86 X 1000 . , 

Cycles off resonance = --= o.88 kc 

The phase angle of the current as obtained from the curve is 60° lagging, or leading, 
as the case may be. 

' The term Q of the circuit used in this connection means coL//2, where R includes 
the series resistance of the condenser as well as the coil resistance. The circuit Q 
will accordingly be less than the coil Q, but the difference is normally small because 
condenser losses are ordinarily much less than coil losses. 

* The actual derivation is given on p. 54 of the author's book ** Radio Engineering," 
2d ed. 
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Example 2. —With the same circuit as in the preceding example, it is desired to 
know what the response will be at a frequency 10,000 cycles below resonance. 



Cycles off resonance a 
Resonant frequency Q 


Fractional detuning 


Cycles off resonance * q ^ resonant frequency 

Q Cycles off resonance 

-- - - 

Resonant frequency 


Fio. 18.—Universal resonance curve from which the exact ratio of actual current to 
current at resonance, as well as exact phase angle, can be determined for any series circuit 
in terms of the detuning from resonance. This curve can also be applied to the parallel 
resonant circuit by. considering the vertical scale to represent the ratio of actual parallel 
impedance to the parallel impedance at resonance. When applied to parallel circuits, angles 
shown in the figure as leading are lagging, and vice versa. 


To solve this problem it is first necessary to determine a. 


^ a » (i%ooo) X 125 = 1.26 

Reference to Fig. 18 shows that for o « 1.26 the response is reduced by a factor 0.36 
and that the nhase of the current is 68° leading. 
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The sharpness of the resonance curve in any particular case can'be 
readily estimated by making use of the following rules that can be deduced 
from the equations of the resonant circuit. 

Rule 1. When the frequency of the applied voltaye deviates from the 
resonant frequency by an amount that is 1 /2Q times the resonant frequency, 
the current that flows is reduced to 70.7 per cent times the resonant current, 
and the current is 45® out of phase with the applied voltage. 

Rule 2. When the frequency of the applied voltage deviates from the 
resonant frequency by an amount that is \/Q of the resonant frequency, the 
current that flows is reduced to 44.7 per cent of the resonant current, and 
the current is 633^^° out of phase with the applied voltage. 

Thus in the circuit considered in the above examples, the current would 
be reduced to 70.7 per cent of the value at resonance when the frequency 
is Mso of 1000 kc, or 4000 cycles off resonance, and to 44.7 per cent of the 
resonant current for a frequency deviation of M25 of 1000 kc, or 8000 
cycles. 

Voltage across Reactance of a Series Circuit .—The voltage developed 
across the inductance or capacitance of a series resonant circuit is equal 
to the product of current and the inductive (or capacitive) reactance. 
The resulting curve of voltage across the reactance as a function of fre¬ 
quency for constant applied voltage has substantially the same shape as 
the resonance curve. This is because the resonance phenomenon takes 
place in such a limited frequency range that the reactance across which 
the voltage is developed is substantially constant in the region about 
resonance. The product of current and reactance hence varies with 
frequency in practically the same manner as the current. 

The voltages across the condenser and the inductance will both be 
very much greater than the applied voltage when the frequency is in 
the vicinity of resonance. This situation is possible because the voltages 
across the condenser and inductance are nearly 180® out of phase with 
each other and so add up to a value that is much smaller than either 
voltage alone. Since the current at resonance is E/R, the voltage across 
the inductance at resonance, which is ojL times the current, is 

Voltage across L at resonance = E^ = EQ (16) 

The voltage across the condenser also has this same value, since at reso¬ 
nance, coL = 1/coC. Equation (16) shows that at resonance the voltage 
across the inductance {or condenser) is Q times the applied voUage {i.e., there 
is a resonant rise of voltage in the circuit amounting to Q times). Since Q 
can be expected to have a value in the neighborhood of 100, a series 
resonant circuit will develop a high voltage even with small applied 
potentials. 
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Practical Calculation of Resonance Curves ,—In the calculation of reso¬ 
nance curves, the use of Eqs. (13) and (14) involves practical difficulties. 
This is because the inductive and capacitive reactances wL and l/wC, 
respectively, are both large, but in the vicinity of resonance very nearly 
equal to each other. Consequently any slight error in calculating either 
reactance, such as would result from the use of a slide rule, introduces a 
very large error in their difference, and hence in the calculated impedance 
and current. In view of this, the most satisfactory procedure for deter¬ 
mining resonance curves is as follows: Firsts calculate the response at 
resonance by Eq. (156) or (16). Second^ use the working rules given 
above, together with the universal resonance curve, to obtain points on 
the resonance curve in the immediate vicinity of resonance. Finally, 
neglect the circuit resistance when calculating the response at frequencies 
farther off resonance than the range covered by the .universal resonance 
curve. This procedure gives results at least as accurate‘as obtainable 
with four-place logarithms and involves much less work than using a slide 
rule. 

13. Parallel Resonance. —When a resonant circuit is arranged so that 
the voltage is applied to the inductance and capacitance in parallel, the 
resulting impedance varies with frequency in the manner shown in Fig. 19. 
At very low frequencies the inductive branch draws a large lagging current 
while the leading current of the capacitive branch is small, resulting in a 
large line current and a low circuit impedance that is inductive. At high 
frequencies the inductance has a high reactance compared with the 
capacitance, resulting again in a large line current and a correspondingly 
low circuit impedance that is now capacitive. In between these two 
extremes there is a frequency at which the lagging current taken by the 
inductive branch and the leadihg current entering the capacitive branch 
are ^substantially equal, and, being nearly 180° out of phase, these cur¬ 
rents tend to neutralize each other. The line current is then quite small, 
and ihe circuit impedance is high, as apparent in Fig. 19. This resonant 
impedance is much greater than the impedance of either the inductive or 
capacitive branch of the circuit, and represents one of the most valuable 
properties of the parallel resonant circuit. 

The shape of the impedance curve of the parallel resonant circuit is 
practically identical with the shape of the resonance curve of the same 
circuit arranged for series resonance, provided only that the Q of the 
circuit is not too low. With values of Q ordinarily used in radio work 
the approximation is extremely close. The resonant frequency is hence 
the same for a given circuit irrespective of whether the connections are 
such as to give series or parallel resonance. The sharpness of the imped¬ 
ance curve also depends similarly upon the Q of the circuit. In 
particfular, a low Q broadens the curve by reducing the impedance in the 
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immediate vicinity of resonance while having very little effect on the 
impedance at frequencies appreciably different from resonance, as seen 
in Fig. 19. 



Fig. 19.—Parallel resonant cireuit and typical curves of parallel impedance for different 
values of circuit Q. Note the similarity to Fig. 17. 

Analysis of Parallel Resonance .—The following notation will be used 
in the analysis of parallel resonant circuits. 

E = voltage applied to parallel circuit 

Zc — y/Rc^ + {l/oiCy = magnitude of impedance of capaci¬ 
tive branch 

= — tan“^ = phase angle of capacitive branch 

ttc 

Zc =■ Zc/LOc — vector impedance of capacitive branch 
Zl = \/Rl^ + (coL)2 = magnitude of impedance of inductive 
branch 

di = tan~^ — = phase angle of inductive branch 
Kl 

Zl = ZlZQl = vector impedance of inductive branch 
Z, = Zl + Zc = series impedance formed by capacitive and 
inductive branches in series (vector value) 
o> = 27 r times frequency 
Wo = 2t times resonant frequency 
Q = coL/R 

R = Rc + Rl — total resistance of circuit considered as a 
series circuit 

Line current = current flowing into circuit as result of the applied volt¬ 
age E. 

The quantities L, C, Kl, and Rc refer to the inductance, capacitance, and 
resistance components of the circuit as indicated in Fig. 19. • 
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The resonant frequency of a parallel circuit is normally considered to 
be the frequency at which wL = 1/coC. With this definition the parallel 
resonant frequency of a tuned circuit is exactly the same as the series 
resonant frequency of the same circuit, and so is given by Eq. (126). 

The impedance of the parallel circuit is the impedance formed by the 
capacitive and inductive branches connected in parallel:^ 

Parallel impedance = ( 17 ) 

he -r Ll Lg 

It will be noted that the denominator of this expression is the impedance 
that the same circuit offers when connected in series, as given by Eqs. 
(13a) and (136). Equation (17) is the fundamental equation of the 
parallel circuit and applies for all conditions, irrespective of the circuit Q, 
the frequency, or the division of resistance between tlie branches. 

When the circuit Q is reasonably high, as is nearly always the case in 
actual practice, the exact expression of Eq. (17) can be simplified by 
neglecting the resistance components of the impedances Zl and Zc in 
the numerator. When this is done,^ 

Parallel impedance = (18) 

At resonance the series impedance is simply the total resistance R. The 
parallel impedance then becomes a resistance having a magnitude 

Parallel impedance) 

at resonanc e } = (19) 

The error involved in Eqs. (18)*and (19) depends upon the Q of the circuit 
and the division of resistance between the branches. Under the most 
unfavorable condition, w’hich is when all the resistance is in one branch, 
the magnitude of the parallel impedance as calculated by Eq. (19) has 
an error of 1 part in while the error in phase angle is tan"^ (1/Q)- 
These errors are entirely negligible for ordinary calculations if the circuit 
Q is at all high. Thus for Q = 100 the error in magnitude is 3^^oo of 
1 per cent, and the error in phase is 0.6®. 

^ £k|uation (17) is merely the mathematical statement of the nile that the imped¬ 
ance formed by two parallel branches is the product of the branch impedances divided 
by the sum of the branch impedances. 

*Thi8 transformation is carried out as follows: If the resistance components are 
neglected, the product ZiZe becomes utLItaC * L/C. One can now eliminate the 
capacitance C in this expression by multiplying both numerator and denominator by 
<ao and then noting that 1 /woC « uoL. That is, 
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Examination of Eq. (18) shows that the impedance of a parallel circuit 
is equal to a constant divided by the series impedance of the same circuit. 
A consideration of Eq. (14) shows that the current in a series circuit is 
likewise equal to a constant (i.e., the voltage) divided by the series imped¬ 
ance of the circuit. Hence the resonance curve of impedance in a parallel 
circuit has exactly the same shape as the resonance curve of current for the 
same circuit connected for series resonance. Consequently the universal 
resonance curve and the working rules that were given for estimating the 
sharpness of resonance of the series circuit also apply to the case of parallel 
resonance. The only difference is that the signs of the phase angles are 
now reversed, the phase of the current now being leading at frequencies 
higher than resonance and lagging at frequencies below resonance. 

The line current that flows when a voltage is applied to a parallel 
circuit is relatively small at the resonant frequency because of the high 
circuit impedance. However, as the frequency departs from resonance 


Impedance Rebflons 



Current Relations 



Frequency 

Fig. 20.- Curves showing line and branch currents and circuit impedance of a parallel 
circuit in the \ icinity of resonance. The line current is not zero, where the branch currents 
have equal magnitude, because of the phase shifts produced by the circuit resistance. 


the current becomes rapidly larger as the result of the lowered circuit 
impedance. The current.s in the individual branches do not go through 
any resonance action, however. This is because the current in a branch 
is equal to the applied voltage divided by the branch impedance, and this 
impedance varies only slowly with frequency. The resonance phenom¬ 
enon arises from the fact that at the resonant frequency both capacitive 
and inductive branches draw large currents, but these currents are largely 
reactive and add up to a very small resultant. This means that at 
resonance there is a large current circulating between the inductance and 
capacitance, with the line current being just large enough to supply the 
circuit losses. Inasmuch as the resistance of a tuned circuit is low, the 
energy losses and hence the line current will be correspondingly small at 
resonance. At frequencies off resonance, the line current increases 
because the reactive currents drawn by the capacitive and inductive 
branches are not equal, which makes it necessary for the line to supply 
considerable reactive current along with the power component of current. 
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These relations between line and branch currents are illustrated in 
Fig. 20. 

Practical Calculation of Parallel Impedance Curves .—The proper pro¬ 
cedure for calculating the impedance of a parallel resonant circuit is 
similar to that given above for calculating the resonance curve of a series 
circuit. The detailed steps are: Firsty calculate the impedance at reso¬ 
nance by Eq. (19). Secondy use the working rules together with the 
universal resonance curve, to obtain points on the impedance curve in 
the immediate vicinity of resonance, keeping in mind that the sign of the 
phase angle of the line current for parallel impedance is reversed from 
the sign for series resonance. Finallyy neglect the circuit resistance when 
calculating magnitude of impedance at frequencies farther off resonance 
than the range covered by the universal resonance curves. 

Miscellaneous .—When the circuit Q is low, the approximations made 
in deriving Eq. (18) will introduce an error that depends oti the division 
of resistance between the inductive and capacitive branches. If the 
resistances are divided so that ojL/Rl and l/a)CRc are approximately 
equal, the error is at a minimum. The parallel impedance then very 
accurately follows the behavior discussed above. If, on the other hand, 
the resistances in the two branches are decidedly unequal, as is commonly 
the case since the losses are usually concentrated in the inductive branch, 
then Eq. (18) and the discussion based upon it are only approximately 
true, as mentioned above. The principal modification produced under 
such conditions is that the frequency at which the parallel circuit has 
maximum impedance is not the frequency for which it has unity power 
factor. With the resistance largely concentrated in one branch this 
behavior begins to be apparent w^hen the circuit Q drops below 10. The 
exact behavior for low circuit tQ's can be calculated from P]q. (17) by 
using the exact expressions for Zl and Zc in determining the numerator. 

The distributed capacitance associated with an inductance coil is in 
shunt with the coil inductance and thus makes the coil equivalent to a 
parallel resonant circuit. The result is that the impedance of the coil as 
observed at the terminals varies as shown in Fig. 19 in the region where 
the inductance is in resonance with the distributed capacitance. In 
particular, at frequencies greater than resonance the coil has a capacitive 
reactance and hence acts as a condenser. At frequencies below resonance 
the presence of the distributed capacitance causes the apparent induc¬ 
tance and resistance of the coil, as measured between coil terminals, to 
be greater than the true values that would be obtained in the absence of 
distributed capacitance. 

14. Inductively Coupled Circuits. Theory .—When mutual induc¬ 
tance exists between coils that are in separate circuits, these circuits are 
said to be inductively coupled. The effect of the mutual inductance is 
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to make possible the transfer of energy from one circuit to the other by 
transformer action. That is, an alternating current flowing in one circuit 
produces magnetic flux which induces a voltage in the coupled circuit, 
resulting in induced currents and a transfer of energy from the first or 
primary circuit to the coupled or secondary circuit. 

The behavior of inductively coupled circuits is somewhat complex, but 
can be readily calculated with the aid of the following rules: 

Rule 1. As far as the primary circuit is concerned, the effect of the ^ 
presence of the coupled secondary circuit is exactly as though an impedance ! 
{o)M)'^IZ 9 had been added in series with the primary,^ where 

M = mutual inductance | 

CO = 2‘Kf j 

Zg = series impedance of secondary circuit when considered by itself; 

(vector value). ' 

Rule 2. The voltage induced in the secondary circuit by a primary \ 
current of Ip has a magnitude of o)MIp and is 90° out of phase with the] 
primary current, I 

Rule 3. The secondary current is exactly the same current that would 
flow if the induced voltage were applied in series with the secondary and the 
primary were absent. 

Calculations of Coupled Circuits. —The three rules given above for 
determining the behavior of coupled circuits hold for all frequencies and 
for all types of primary and secondary circuits, both tuned and untuned. 
The procedure to follow in using these rules to compute the behavior of a 
coupled circuit is: first, determine the primary current with the aid of 
Rule 1; second, compute the voltage induced in the secondary, knowing 
the primary current and using Rule 2; finally, calculate the secondary 
current from the induced voltage by means of Rule 3. The following set 
of formulas will enable these operations to be carried out systematically. 

' This can be demonstrated as follows. The actual effect produced by the presence 
of the secondary is a back voltage induced in the primary by the secondary current. 
This secondary current is a result of the voltage induced in the secondary by the 
primary current Ip. The secondary induced voltage is coMIpy and is 90'^ out of 
phase with Ip. The resulting secondary current is i^MIpjZ^. This current then 
induces a voltage [{o)M)Ip/Z»\o3M = in the primary. This voltage is 

90 + 90 = 180° out of phase with Ip and hence is a back voltage. The voltage drop 
corresponding to the back voltage is hence (uAiy/Zs times the primary current, so 
that the effect of the secondary on the primary is equivalent to adding an impedance 
(«M)V^a to the primary. 

* It might be wondered why, although the secondary couples an impedance into 
the primary, the primary is not considered as coupling an impedance into the second¬ 
ary. The reason is that the impedance coupled into the primary takes into account 
the voltage induced in the primary by the secondary current, as explained in the 
preceding footnote. The corresponding effect of the voltage induced in the secondary 
by the primary current is taken care of by Rule 3. 
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Impedance coupled into primary circuit) _ 
by presence of the secondary j Z, 

Equivalent primary impedance = Zp + — < 

E 

Primary current = /p =- 


Voltage induced in secondary = wAf/p/ + 90® 

~ ^ Induced voltage 

Secondary current = -^^ 

_ «Af/p^ 9^ a)MJg / + 90° 

Zn ZpZ, 


( 20 ) 

( 21 ) 

( 22 ) 

(23) 

(24) 


In these equations 

M = mutual inductance between primary and secondary 

CO = 27r/ 

Z, = series impedance of secondary circuit considered as though 
primary were removed (a vector) 

Zp = series impedance of primary circuit considered as though second¬ 
ary were removed (a vector) 

E = applied voltage. 

The / ± 90 ° indicates either a lead or lag of 90 ° according to the sense of 
the mutual inductance. In making use of Eqs. (20) to (24) it is to be 
kept in mind that Zp and Z, are vector quantities. 

Coupled Impedance ,—The impedance {coMY/Z^ that the presence of 
the secondary adds to the primary circuit is called the coupled impedance. 
This quantity is a vector having resistance and reactance components 
that are given by the expressions: 

Resistance component) _ (wM)^/?, \ 

of coupled impedance ) RY + XY ^ ^ 

Reactance component 
of coupled impedance 


+ Xy 


Here J2, and X^ are the resistance and reactance components of the second¬ 
ary impedance Z„ with a positive reactance being inductive. The 
energy represented by the primary current flowing through the coupled 
resistance is the energy that is transferred to the secondary circuit. Simi¬ 
larly, the volt-amperes represented by the primary current flowing 
through the reactive component of the coupled impedance represents 
the reactive volt-amperes consumed by the secondary circuit. 

Many of the important properties of a coupled circuit can be deduced 
by examining the nature of the coupled impedance. When the mutual 
inductance M is small, or when the secondary impedance Z, is large, the 
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impedance coupled into the primary by the presence of the secondary is 
small. The action in the primary circuit is then influenced only very 
slightly by the presence of the secondary. On the other hand, when 
the mutual inductance is large and the secondary impedance small, the 
coupled impedance will be large. The presence of the secondary will 
then have a very pronounced effect upon the behavior of the primary 
circuit. A particularly important case is when the secondary is a reso¬ 
nant circuit. Here the secondary impedance is small at resonance and 
comparatively large at frequencies appreciably different from resonance. 
Since the coupled impedance is inversely proportional to the secondary 
impedance, the effect produced by such a secondary on the primary 
circuit is large in the immediate vicinity of resonance, and small at other 
frequencies. 


(a) Un+uned ^b) Tuned Secondary <c)Tuned Primary and 

Secondary Tuned Secondary 

Rp Rp Cp Rp P5 



Fig, 21.—Common types of inductively coupled circuits. 


16. Typical Examples of Inductively Coupled Circuits.—Some of the 
most commonly encountered and more important types of inductively 
coupled circuits, together with their principal properties, are considered 
below. 

Coupled Circuit with Untuned Secondary Consisting of a Resistance and 
Inductance. —This circuit is illustrated in Fig. 21a, and is important 
because a metal mass such as a shield, metal panel, etc., near a coil acts 
as a secondary consisting of an inductance in series with a resistance. 
The impedance that such a secondary couples into the primary is seen 
from Eq. (25) to consist of a resistance and a capacitive reactance. The 
coupled resistance takes into account the energy losses in the metal 
mass, and increases the effective resistance of the primary coil. The 
coupled reactance neutralizes a portion of the inductive reactance of the 
coil, and hence is equivalent to reducing the effective inductance of 
the coil.^ 

Coupled Circuits with Untuned Primary and Tuned Secondary. —This 
circuit is shown on Fig. 216 and is of importance because it is the equiva¬ 
lent circuit of the tuned radio-frequency amplifier. As the circuit is 
ordinarily encountered the primary resistance Rp represents the plate 
resistance of a tube and is much larger than the reactance a>Lp of the 

‘ It will be noted that these are the same effects arrived at by a different method 
In Sec. 11 for the case of a conducting shield surrounding a coil. 
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primary inductance. The most important characteristic of this circuit 
is the way in which the secondary current (or the voltage across the 
secondary condenser) varies with frequency for constant applied voltage. 
The behavior in a typical case is shown in Fig. 22 and is- seen to result 
in a curve having a shape similar to that of a resonance curve. Close 
examination, however, shows that the Q corresponding to the curve of 
secondary current is lower than the actual Q of the secondary circuit. 

Two Resonant Circuits Tuned to the Same Frequency and Coupled 
Together .—This circuit is illustrated in Fig. 21c and is the basic circuit 
of the band-pass filter commonly used in radio receivers. The most 
important characteristic of such a circuit is the variation of secondary 



Fig. 22.—Curve of secondary current as a function of fre( 4 uency for the circuit of Fig. 216 
in the typical case where Rp cjLp. This curve has the shape of a resonance curve corre¬ 
sponding to a Q lower than the actual secondary Q. 


current (or voltage across the'secondary condenser) as a function of fre¬ 
quency when a constant voltage is applied in series with the primary. 

Typical results are shown in Fig. 23. When the coefficient of coupling 
k between primary and secondary is low the secondary current is quite 
small and the curve is very peaked {k = 0.002 in Fig. 23). As the coeffi¬ 
cient of coupling is increased, the secondary current becomes greater and 
there is somer^dtCbtion in the relative sharpness of the peak {k = 0,005 in 
Fig. 23). 'Tnis effect continues with increase in coupling until the resist¬ 
ance that the secondary couples into the primary circuit at resonance is 
equal to the resistance of the primary.VThe coefficient of coupling 
required for this condition is termed the critic al cou pling and gives the 
maximum secondary current that it is possible to obtain. With critical 
coupling the curve of secondary current also tends t6 be flat at the very 
top with relatively steep sides (k = 0.01 in Fig. 23). When the coefficient 
of coupling is appreciably greater than the critical value, the secondary 
current at resonance becomes less than with critical coupling, and peaks 
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of secondary current appear at frequencies on either side of resonance 
{k = 0.015, 0.03, and 0.05 in Fig. 23). The spacing between these peaks 
of secondary current is directly proportional to the coefficient of coupling. 
The current at these peaks is substantially the same as the peak current 
with critical coupling. 

The reason for the behavior illustrated in Fig. 23 rests in the nature 
of the coupled impedance produced by a resonant secondary circuit. 
When the coupling is small the induced voltage and hence the secondary 
current will naturally bc^small. At the same time the shape of the second¬ 
ary-current curve will be sharper than the resonance curve of the second¬ 
ary circuit because of the fact that the induced voltage tends to be 
proportional to primary current and is therefore greatest at resonance. 



Fia. 23.—Curv^es for two circuits separately tuned to the same frequency and coupled 
together, showing variation of secondary current with frequency, for a number of coeffi¬ 
cients of coupling. 


On the other hand, when the coefficient of coupling is large, the coupled 
impedance at resonance is likewise large. This reduces the primary 
current at resonance to a small value and results in a low induced^velt- 
age and hence low secondary current. The humps that appear on the 
response curve with large coupling result from the fact that, with a tuned 
secondary circuit, the reactance coupled into the primary is inductive 
at frequencies below resonance and capacitive at frequencies above reso¬ 
nance. Since the sign of this coupled reactance is the opposite of the 
sign of the reactance of the primary circuit at the same frequencies, 
the presence of the secondary reduces the equivalent impedance that the 
primary offers to applied voltage. This raises the primary current 
and hence increases the induced voltage at frequencies slightly off reso¬ 
nance. When the coupling exceeds the critical value this action is suffi¬ 
cient to introduce new resonant frequencies corresponding to the humps 
of secondary current. 
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The critical coefficient of coupling corresponds to the condition which 
gives the maximum possible transfer of energy to the secondary at the res¬ 
onant frequency. This occurs when the coupled resistance at resonance 
equals the resistance of the primary circuit, i.e., when (coMy/Ra = Rp. 
Hence for critical coupling 

0 ) 4 / = \/RpRa (26a) 

Introducing the ratios Qp = ojLpIRp^ and = o^La/Ra^ and noting that 
k = Mfy/LpLai gives 

Critical coupling k = — - ^ (266) 

"v QpQa 

The critical coefficient of coupling is usually very small. Thus if the 
circuit are 100, the corresponding coefficient is only 0.01. 

16. Band-pass Filters.—When two tuned circuits that are resonant 
at the same frequency are coupled with a coefficient of coupling slightly 
greater than the critical value, the secondary current (and hence the 
voltage across the secondary condenser) is substantially constant in the 
limited frequency range around the resonant frequency, but falls off 
very rapidly for frequencies appreciably removed from resonance. Such 
a characteristic is exhibited by the curve for k = 0.015 in Fig. 23. When 
this result is obtained one is said to have a hand-pass filter. Such a 
band-pass characteristic is particularly desirable in handling modulated 
waves because it can be designed to give substantially the same response 
to all side-band frequencies contained in the wave. In contrast with 
this, ordinary resonant circuits have a rounded top and so discriminate 
against the higher side-band frequencies. 

The most important properties of a* band-pass filter are the width 
of the band of frequencies that is transmitted, and the uniformity of the 
response within this band. The width is given approximately by the 
relation 

_ Width of pass band _ _ ^ 

Resonant frequency of tuned circuits ^ 

Hhe uniformity of response within the pass band of frequencies depends 
upon the circuit Q in relation to the coefficient of coupling. If the circuit 
Q’s are too high, pronounced double humps appear, and if too low the top 
of the response curve is rounded off instead of being flat (see Fig. 24). 
Experiments indicate that the best value of Q is about 50 per cent greater 
than that corresponding to critical coupling. Hend for uniform trans¬ 
mission within the pass band 




( 28 ) 
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where Qp and are the Q^s for the primary and secondary circuits, 
respectively. 

In the design of band-pass filters, the proper procedure is first to 
select, with the aid of Eq. (27), a coefficient of coupling that will give the 
required band width. After this the appropriate circuit Q^s for uniform 
transmission within the pass band are determined with the aid of Eq. (28). 

From an examination of Eqs. (27) and (28) it is seen that, when a 
wide pass band is required, the coefficient of coupling must be large and 



Frequency- Ki locycles 


Fig. 24.—Characteristics of band-pass filter, showing (a) effect of circuit Q on uni¬ 
formity of response within the pass band and {h) effect of coefficient of coupling upon the 
width of the pass band and the response within the pass band when the proper circuit Q is 
used. 

the circuit Q’s low. With low circuit Q^s, the secondary current, and 
hence the response in terms of voltage developed across the secondary 
condenser, will be low. Hence the wider the pass band the less will be 
the output voltage. These properties are illustrated in Fig. 24, which 
shows the necessity of having the proper Q and also indicates how the 
band width and secondary response vary with coefficient of coupling 
when the circuit Q is always kept at the value given by Eq. (28). 

Band-pass Filters with Parallel Excitation. —Band-pass circuits are 
very often arranged as in Fig. 25, where the voltage is applied in parallel 
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with the primary through a high resistance Rp. This particular arrange¬ 
ment is especially important since it represents the equivalent circuit of 
the band-pass amplifier. 

The circuit of Fig. 25a having parallel excitation can be reduced to 
the series-excited circuit of Fig. 256 by the method described in Sec. 18. 
The primary current that flows through the inductance of this equivalent 
circuit is exactly the same as the current through the inductance of the 



Fig. 25.—Band-pasa circuit with parallel excitation together with ecjuivalent series-excited 
circuit for the usual case where R'^ \ /ojCp. 


actual circuit, and the secondary currents are likewise identical in the 
two cases. The only essential difference in the behavior of the band-pass 
circuit with parallel excitation, and the behavior of the same circuit with 
series excitation, is that the presence of the resistance R has an effect that 
is equivalent to reducing the Q of the primary circuit. 

17. Miscellaneous Coupling Methods.—Energy can be transferred 
between two circuits by means other than simple inductive coupling such 


(o) 

C| L| L2 C2 

HI-' 

*F Cm 



(c) Equivalen'l* 
Circuit 



L^ond 1 2 have mut¬ 
ual inductance or not 
as desired 

Flo. 26.—Circuits with complex coupling together with equivalent circuit that can be used 
to represent any coupled circuit. 


as discussed in Secs. 15 and 16. Thus in Fig. 86 the transfer is accom¬ 
plished by means of an inductance Lm common to the two circuits, giving 
what is commonly termed direct coupling. Likewise in Fig. 8c the 
energy transfer occurs as a result of a common capacitance Cm, giving 
capacitive coupling. It is also possible to combine capacitive and induc¬ 
tive couplings in various manners to give still more complicated methods 
of energy transfer. Examples of such complex coupling arrangements 
are shown in Figs. 26a and 266. 
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These more complex coupling methods are often employed because 
they can be designed in such a manner that the energy transfer (or the 
equivalent coefficient of coupling) varies with frequency. Thus in the 
arrangement of Fig. 26a the coupling is zero at the frequency for which 
the mutual capacitance Cm and inductance Lm are in series resonance, 
while the coefficient of coupling is inductive and increases as the frequency 
becomes greater than the resonant frequency, and is capacitive and 
likewise increasing as the frequency becomes lower than resonance. 

18. Thevenin’s Theorem .—According to ThevenMs theorem, any 
linear network containing one or more sources of voltage and having two 
terminals behaves, insofar as a load impedance connected across these ter¬ 
minals is concerned, as though the network and its generators were equivalent 
to a generator having an internal impedance Z and a generated voltage E, 
where E is the voltage that appears across the terminals upon open circuit, and 


(a) Actual AKrangement 


Network w/fh 
generators 



(b) Equivalent Arrangement 
Z 


Load 


Fig. 27.- 


-Schematio diagram illustrating how Thovenin’s theorem can be used to simplify 
a compli(5ated network containing generators. 


Z is the impedance that is measured between the terminals when all sources of 
voltage in the netivork are short-circuited.^ This theorem means that any 
network and its generators, represented schematically by the block in 
Fig. 27a, can be replaced by the equivalent circuit shown in Fig. 276. 
The only limitation to the validity of Th6venin^s theorem encountered in 
ordinary practice is that the circuit elements of the network must be 
linear, i.e., the voltage developed must always be proportional to current. 

Thevenin^s theorem offers a very powerful means of simplifying net¬ 
works as demonstrated by the following example. 

Example.—Reduce the parallel-excited band-pass circuit of Fig. 25a to an equiva¬ 
lent series-excited circuit of the type illustrated in Fig. 23. 

This is accomplished by opening the primary circuit of Fig. 25a at xx and replacing 
the network to the left of xx (t.e., the network in the dotted rectangle) by an equivalent 
series circuit using Th6venin’s theorem. With the source of voltage short-circuited, 
the impedance seen when looking to the left from xx is a condenser Cp shunted by a 
resistance R. This gives the impedance of the equivalent series circuit a magnitude 

1 When the sources of energy in the network are constant-current generators 
instead of constant-voltage generators, the internal impedance Z is the impedance 
that is measured between the terminals when all constant-current generators are 
open-circuited. This is due to the fact that a constant-current generator is equivalent 
to an infinite voltage source having an infinite internal impedance, so that short- 
circuiting the ultimate source of voltage of the constant-current generator still leaves 
an infinite impedance in the-circuit. 
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— ; ^ - » and a phase angle 6 such that tan 6 = — l/to/2Cp. The voltage 

Vl + (l//2wCp)* 

appearing across points xx on open circuit is the equivalent voltage that may be 
considered as acting in the equivalent series circuit. This voltage has a magnitude 

E/{<aCp'\/R^ + (1/wCp)*), and a phase angle corresponding to the phase of the 

voltage across Cp as compared with the phase of E. 

When R >> 1 /(oCp, as is normally the case when the circuit of Fig. 25a is encoun¬ 
tered in practice, the equivalent series voltage Etq has a magnitude E/ojCpRy and acts 
in series with a capacitance Cp and a resistance l/lRiuCpy], as shown by the dotted 
rectangle in Fig. 256. 


19. Circuits with Distributed 


j(o() Receiver TerminoilsOpenCircuilcolj 



Distonce +0 Receiver inWor/e Lengths 


|(b) Receiver Terminals Short Circuited 



“S—X — yr 

^ 2 A 

Distance to Receiver in Wave Lengths 


(c) Receiver Terminals Closed Througlv 
Characteristic ImpedanceLooid[ 




Distance to Receiver in Wove Lengths 

Fig. 28.—Typical voltage and current 
distributions for circuit with distributed 
constants, showing conditions existing 
with different receiver-end conditions. 


Constants.—When the inductance, 
capacitance, and resistance of a cir¬ 
cuit are mixed together, rather than 
being separate lumps as in the case 
of the simple series and* parallel cir¬ 
cuits that have been considered, the 
circuit is said to have distributed 
constants. Examples of such circuits 
include telephone, telegraph, and 
power lines, as well as most types of 
radio antennas. 

Voltage and Current Distribution. 
When a potential is applied to one 
end of a transmission line, the result¬ 
ing voltage and current distribution 
depend upon the load impedance 
and the length of the line. Results 
in typical cases are illustrated in Fig. 
28, and can be most readily explained 
when the length of the transmission 
line is expressed in wave lengths. 
One wave length corresponds to a 
distance over which the voltage (or 
current) shifts in phase by exactly 
360® When the losses in the line 
are gmall, as is usually the case, then 


Distance along circuit corresponding) _ ^ 

to one wave length / f\/LC 


(29) 


where L and C are the series inductance and shunt capacitance, respec¬ 
tively, per unit length of circuit, and / is the frequency of the applied 
voltage. Where the circuit consists of one or more straight wires in 
space, as is the case with an antenna or a 60-cycle power line, the distance 
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Disjoince io Receiver in Wave Len^t'hft 
Fig. 29.—Schematic method of 
representing voltage and current 


corresponding to one wave length found from Eq. (29) will always be 
almost exactly the same as the wave length of radio waves of the same 
frequency. 

Examination of Fig. 28a shows that when the receiver terminals are 
open-circuited, the voltage and current go through cyclic variations as 
the distance from the receiver is increased.^ The voltage is high at the 
receiver and at distances from the receiver that are even multiples of a 
quarter-wave length, and goes through minima at distances from the 
receiver that are an odd number of quarter-wave lengths from the receiver. 
The current distribution is the inverse of the voltage distribution, the 
current being a maximum where the volt¬ 
age is minimum, and vice versa. 

When the receiving-end terminals are 
short-circuited, the voltage and current 
again vary cyclically with distances to the 
receiver, as shown in Fig. 286. How¬ 
ever, the voltage and current distribution 
are seen to be interchanged from their 
behavior with an open-circuited receiver. 

ifTi 11 11* 1 j. luprtjstjutixm vuiL»KtJ axiu uurrwxxi 

When the load impedance at the distribution of Fig 28a. This dia. 
receiving end of the line is a resistance gram indicates the iso® phase shift 

equal to v/L/C ohms, the voltage and u an accurate representation of the 
current distribution are as shown at Fig. conditions existing along the circuit 
rni lx ] X except where the voltage and current 

28c. The voltage and current now are shown going through sero. 

decrease exponentially as the receiver is 

approached, and there are no cyclic space fluctuations such as 
exhibited by the open- and short-circuited receiver cases. The load 
resistance \/L/C corresponding to the condition in Fig. 28c is termed the 
characteristic impedance and is an important characteristic of the line. 
^Luad iiupMaiices other than open circuit, short circuit, and charac¬ 
teristic impedance also give a cyclic distribution. The exact character 
of this depends upon the load impedance, with the fluctuations becoming 
greater as the load departs farther from the characteristic impedance 
in either magnitude or phase. 

When the resonance effects are large, as in the case of an open- or 
short-circuited receiver, the voltage and current at the minima are quite 
small, and the phase shifts through nearly 180° from one side of a mini¬ 
mum to the other side. In order to show this change of phase, the voltage 
and current distributions in circuits with distributed constants are fre¬ 
quently drawn as shown in Fig. 29. This corresponds to a of Fig. 28 


^ In a transmission line, the term **sending end” means the end of the line to which 
the generator is connected. The term **receiving end” is the opposite end, i.e., the 
end at which the load is connected. 
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except that adjacent maxima are shown on opposite sides of the base 
line to indicate the reversal of phase. It will be noted that, although 
this method of representation gives the distribution along most of 
the line accurately, it fails to show the conditions actually existing at the 
minima. This is because the curves of Fig. 29 go through zero where the 
axis is crossed, whereas in reality the minima never reach zero. Also 
the 180° phase shift does not take place all at one point as indicated by 
Fig. 29. However, for many purposes these inaccuracies are unimpor¬ 
tant, and the method of representation of Fig. 29 is often very convenient. 

Transmission Lines as Resonant Circuits ,—Transmission lines that 
are either open- or short-circuited at the receiving end have many of the 
properties of ordinary resonant circuits. Thus, if the line is open at the 
receiver and is an odd number of quarter-wave lengths long, the receiving 
voltage is much higher than the sending-end voltage, giving a resonant 
rise of voltage similar to that obtained with a series circuit. Also, if the 
line is an odd number of quarter-wave lengths long and is shorted at the 
receiver, the sending-end current is low and the line acts very much as a 
parallel resonant circuit when viewed from the sending end. When 
properly designed, resonant transmission lines have very high effective 
Q^s at high frequeAcies, and at such frequencies are superior to tuned 
circuits consisting of an ordinary coil and condenser. 

Problems 

1. A variable condenser having a maximum capacitance of 350 M^f and a minimum 
capacitance of 20 is used for tuning in a broadcast receiver. 

a. What coil inductance is required to make the lowest resonant frequency 530 kc, 
assuming that the coil and circuit wiring contribute an additional capacitance of 
20 /i/uf to the circuit capacitance? 

5. Calculate the exact range of resonant frequencies that can be covered with the 
inductance selected. 

2. It is desired to cover the short-wave bands by the use of additional coils to 
which the condenser of Prob. 1 can be switched. Assuming that the coil and wiring 
capacitance are the same as in Prob. 1, (a) determine the number of coils required to 
cover frequencies from 530 kc to 30,000 kc, (6) specify a suitable inductance value for 
each coil, and (c) calculate the exact tuning range for each coil chosen. 

3. A particular coil of 150 /xh inductance has Q = 85 at 1000 kc. 

a. Calculate the condenser capacitance that is required for resonance at 1000 kc. 

b. Calculate the circuit Q if the tuning condenser has a power factor of 0.0001. 

c. Repeat (b) for a condenser with a power factor of 0.01. 

4. A series circuit resonant at 800 kc has an inductance of 160 fxh and a circuit 
Q of 75. 

a. Calculate and plot the current that flows when 1 volt is applied to the circuit, 
carrying the curves up to 40 kc on each side of resonance. In making these calcula¬ 
tions use the universal resonance curve in the range nesr resonance and neglect the 
circuit resistance when calculating points too far off resonance to be within the range 
of the universal resonance curve 
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6. Assume that a series resonant circuit employs the coil of No. 24 wire in Fig. 10, 
and that the tuning condenser has negligible losses. 

a. Calculate and plot the width of the frequency band, for which the tuned circuit 
response is at least 70.7 per cent of the response at resonance, as a function of resonant 
frequency from 550 to 1500 kc. 

h. Discuss the results obtained in (a) with respect to the reception of broadcast 
signals having side-band frequencies extending up to 5000 cycles on each side of the 
carrier frequency. Consider both the uniformity of response to the different side¬ 
band frequencies, and the ability of the circuit to discriminate against undesired 
signals of other frequencies. 

6. In a series circuit that is resonant at 1150 kc it is found that when the frequency 
differs from resonance by 15 kc, the current drops to 0.53 of the current at resonance 
for constant applied voltage. From this information determine the Q of the circuit. 

7. A voltage of constant but unknown value is applied to a series circuit resonant 
at the frequency of this voltage. The circuit curnmt is observed to be /o. A known 
resistance Ri is then added to the circuit, and it is found that, with the same applied 
voltage as before, the current is now reduced to /i. Derive a formula for the circuit 
resistance in terms of 7o, /i, and Ru 

8. Discuss the difference in magnitudes of circuit Q desired when a resonant circuit 
is required to: (a) Discriminate as strongly as possible against all frequencies other 
than the resonant frequency, (6) respond to a modulated carrier wave with very little 
discrimination against the higher side-band frequencies. 

9. In variable condensers used to tune the resonant circuits of radio receivers, it is 
(;ustomary to shape the plates so that the capacitance varies more slowly with angle 
of rotation at small capacitance settings than at high capacitance settings. Explain 
why this makes the resonant frequency more nearly linear with respect to angle of 
rotation than if semicircular plates were employed. 

10 . a. A tuned circuit having an inductance of 150 fih. and a Q of 70 is adjusted 
to resonance at 1100 kc. If the circuit is connected for parallel resonance, calculate 
and plot the magnitude of the parallel impedance as a function of frequency up to 
60 kc on each side of resonance. Use the universal resonance curve in the region 
about resonance and neglect the circuit resistance when calculating the impedance 
at frequencies too far off resonance to be within range of the universal resonance 
curve. 

b. Repeat (a) for a circuit Q of 40. 

11 . Calculate and plot the resonant impedance when the coil of No. 24 wire in 
Fig. 10 is connected as a parallel resonant circuit, and the resonant frequency is varied 
from 550 kc to 1500 kc. 

12 . Using the same tuned circuit as in Prob. 10a, calculate and plot the following 
curves as a function of frequency, from 1075 to 1125 kc. 

(o) Magnitude and phase angle of parallel impedance; (h) line current, and current 
in each branch, when the applied potential is 10 volts (assuming all the circuit resist¬ 
ance is in the inductive branch), and (c) reactance and resistance components of the 
impedance of (a). 

13 . A tuned circuit in a vacuum-tube power amplifier is required to have a parallel 
impedance of 6000 ohms with a Q of 12. If the resonant frequency is 3000 kc: 

a. determine the inductance, capacitance, and resistance that the circuit must 
have. 

h. determine the losses in the tuning condenser, assuming this to be a mica con¬ 
denser with a power factor of 0.0004, when the crest voltage applied to the tuned 
circuit is 850 voUs. 



52 


FUNDAMENTALS OF RADIO 


[Chap. Ill 


14 . A particular coil has an inductance of 180 /uh and a distributed capacitance of 
10 nfif. Neglecting the coil resistance, calculate the inductive reactance across the 
coil terminals at frequencies of 500 kc and 2000 kc and from this determine the appar¬ 
ent inductance of the coil at these frequencies. 

15 . a. Prove that when a parallel resonant circuit is shunted by a high resistance, 
the impedance of the combination in the vicinity of resonance varies with frequency 
in a manner that is for all practical purposes still the same as the impedance variation 
of a parallel circuit. 

6. If the shunting resistance in (a) is Ri, and the parallel resonant impedance of 
the unshunted circuit is J?o, prove that the shunt resistance Ri reduces the equivalent 
Q of the circuit by the factor Ri/{Ri + Ro). 

16 . Demonstrate that when the secondary of a coupled circuit is a resonant circuit, 
the curve of coupled impedance as a function of frequency has the same shape as the 
impedance curve of a parallel resonant circuit if the frequency range being considered 
is so small that coM may be considered as substantially constant. 

17 . Two identical coils, each having an inductance of 160 juh and a Q of 50, are 
coupled together with a coefficient of coupling of 0.05. If a potential of 1 volt at 500 
kc is applied to the primary, calculate the voltage induced in the secondary when the 
secondary is open-circuited. 

18 . In the coupled arrangement of Prob. 17 the secondary coil is short-circuited. 
Calculate: (a) the coupled resistance and reactance at a frequency of 600 kc, (6) the 
total resistance and reactance of the primary circuit at 600 kc, including the effect of 
the secondary, and (c) the effective Q of the primary circuit, taking into account the 
coupled impedance. 

19 . The coil of No. 24 wire in Fig. 10 is coupled to a primary coil with a mutual 
inductance of 50 nh. If the secondary coil is tuned to resonance with a condenser 
having negligible loss, calculate and plot the coupled impedance at the resonant 
frequency of the secondary as this resonant frequency is varied from 550 kc to 
1500 kc. 

20. Two identical circuits resonant at 1000 kc, having Q = 80, and inductances 
of 140 jLih, are coupled together. 

o. Calculate the critical coefficient of coupling. 

b. Calculate and plot the secondary current at the resonant frequency for 1 volt 
applied to the primary, as the mutual inductance is varied from zero to twice the 
critical value. 

21. The coupling between the circuits of Prob. 20 is adjusted to make the coeffici¬ 
ent of coupling have a value 0.02, and 1 volt is applied in series with the primary, 

a. What will be the approximate frequencies at which the secondary current peaks 
will occur? 

5. What will be the approximate height of these peaks of secondary current? 

c. What will be the secondary current at the resonant frequency? 

d. With the information obtained above, sketch the approximate shape of the 
secondary current curve as a function of frequency. 

22. The two circuits of Prob. 20 are coupled with a mutual inductance of 3 /xh. 

a. Calculate and plot the resistance and reactance components of the coupled 
impedance up to 40 kc on each side of resonance. 

5, Calculate and plot the resistance and reactance components of the primary 
circuit when the secondary is removed. 

c. Add (a) and (6) to obtain the curve of total primary circuit resistance and 
reactance, and convert the results into curves giving the magnitude and phase of the 
primary impedance. 
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d. Calculate and plot magnitude of primary current and of secondary induced 
voltage. 

e. Calculate and plot the secondary current curve. 

Plot the curves for the various parts above each other. 

23. Derive a formula for the coefficient of coupling of the circuit of Fig. 26a. 

24. A particular band-pass filter to be used in the intermediate-frequency amplifier 
of a radio receiver must have a pass band 7000 cycles wide centering about a frequency 
of 456 kc. If the primary and secondary inductances are both 2 mh, specify the tuning 
capacitances, the proper coefficient of coupling, and the proper circuit Q. 

26. Signals in the frequency range of 550 to 1500 kc are to be tuned by means of a 
band-pass filter. If the circuits are assumed to have Q = 100 over this frequency 
range, and the adjustment is such that h = 0.015 at 550 kc, discuss how the width 
and shape of the pass band will vary with resonant frequency when the tuning is 
obtained by varying the primary and secondary condensers simultaneously and when 
the coupling is: (a) inductive as shown at Fig. 8a or 86, and (6) capacitive as shown at 
Fig. 8c. Illustrate the discussion with the aid of sketches showing types of response 
curves to be expected under various conditions. 

26. a. Derive a formula for the secondary current of the circuit of Fig. 216, by 
(1) replacing the network to the left of the terminals of the secondary condenser by 
an equivalent network and generator, using Th^venin’s theorem, and (2), using this 
network to derive an equation for secondary current. 

6. From the results of (a) show that the curve of secondary current as a function 
of frequency has substantially the same shape as a resonance curve. Discuss the 
factors that determine the effective Q corresponding to the secondary current curve, 
and also consider the factors that cause the peak of the curve of secondary current to 
occur at a frequency differing from the resonant frequency of the secondary. 
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FUNDAMENTAL PROPERTIES OF VACUUM TUBES 

20, Electron Tubes, Electrons, and Ions. —A vacuum tube includes a 
cathode capable of emitting electrons when heated, and an anode (often 
called the plate) that is normally operated at a positive potential and 
attracts these electrons. In most tubes there are also one or more addi¬ 
tional electrodes for controlling the flow of electrons and influencing the 
characteristics. The cathode and other electrodes are ejic;losed in a 
gas-tight envelope, usually glass but sometimes metal. Most tubes are 
evacuated as completely as possible and are operated as high-vacuum 
devices. In some cases, however, small quantities of gas are intentionally 
introduced after the evacuation in order to modify the characteristics. 

Tubes are classified as diodes, triodes, tetrodes, pentodes, etc., accord¬ 
ing to whether there are two, three, four, five, etc., electrodes present. 
Thus a tube with only cathode and anode is a diode, while the addition 
of a control electrode (a grid) converts it into a triode. 

Electrons and Ions .—Electrons maybe considered as minute negatively 
charged particles which are constituents of all matter. They have a 
mass of 9 X 10“^^ gram, which is ^840 that of a hydrogen atom, and a 
charge of 1.59 X 10“^® coulomb. They are also always identical irrespec¬ 
tive of the source from which derived. Atoms are composed of one or 
more such electrons associated with a much heavier nucleus which has a 
positive charge equal to the number of electrons contained in the atom, so 
that an atom with its full quota of electrons is electrically neutral. The 
differences between chemical elements arise from differences in the nucleus 
and in the number of associated electrons, but not from variations in the 
character of the electron. 

Positive ions represent atoms or molecules that have lost one or more 
electrons. Positive ions are hence charged bodies having the weight of 
the atom or molecule concerned, and a charge equal to that of the lost 
electrons. Unlike electrons, positive ions are iipt all alike and may differ 
in charge or weight, or both. They are much heavier than electrons 
and resemble the molecule or atom from which derived. Ions are desig¬ 
nated according to their origin, such as mercury ions, hydrogen ions, etc. 

Methods by Which Free ElectT^ons and Ions May Be Obtained .—Electrons 
may be separated from matter in a number of ways. Thus at very high 
temperatures some electrons will escape from the surface of a solid, 

54 



Sec. 20] FUNDAMENTAL PROPERTIES OF VACUUM TUBES 


65 


thereby giving free electrons by thermionic emission. This is the means 
by which the cathode of an ordinary vacuum tube produces free electrons. 
Electrons can also be obtained from solid materials as a result of the fact 
that rapidly moving electrons or ions will knock out electrons from a 
surface when striking with sufficient velocity. This process is termed 
secondary electron emission because it requires some primary source of 
electrons (or ions). Light in striking certain types of surfaces will like¬ 
wise cause electrons to be emitted. Such emission is said to be caused 
by the photoelectric effect^ and is the basis of the photoelectric cell. A 
swiftly moving particle (commonly an electron or ion) colliding with a gas 
molecule may knock one or more electrons out of the molecule and leave 
a positive ion. This is termed ionization by collision^ and occurs in 
vacuum tubes in which gas is present. 

The Motion of Electrons and Ions in an 
Electrostatic Field, —Electrostatic fields exert 
forces upon electrons and ions just as upon 
any other charged body. The electrons, 
being negatively charged, tend to travel 
toward the positive or anode electrode. The 
positive ions on the other hand travel in the 

opposite direction toward the negative or * >t/ ^. 

cathode electrode. m 

In moving between two points in the 30.—Path of electron 

electrostatic field, the energy received by an velocity into a magnetic field. 

electron (or ion) equals the product of its The moving electron is deflected 
, . . . .. 11 , in a direction that is at right 

charge and the difference m potential between jungles to the magnetic field and 

these points. This energy is converted into right angles to the direction 
, . ,1 , ,1 1 in which the electron is travel- 

kinetic energy oi motion so that the velocity moment, 

that a particular charged body possesses is 

commonly expressed in terms of volts. Thus when an electron 
is said to have a velocity of 10 volts this means the velocity that 
the electron would acquire in falling through a difference of potential 
of 10 volts. Since the velocity that a charged partiede gains in falling 
through a difference of voltage is inversely proportional to the square 
root of the weight of the particle, the velocity represented by a given 
voltage will depend upon the weight of the charged body and will be 
much greater with electrons than ions, particularly the heavy ions. 
Thus a mercury ion having a charge equal to that of an electron will 
move less than one six-hundredth as fast as an electron in the same 
electrostatic field. 

Effect of a Magnetic Field on a Monng Electron, —A magnetic field 
exerts a force on a moving electron because of the fact that a moving 
charge is an electrical current, and a magnetic field produces a force upon 
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a current. This force produced by the magnetic field is at right angles 
to both the magnetic field and the line of current flow (i.e., direction of 
travel of electron or ion), as shown in Fig. 30. The force is proportional 
to the charge of the moving particle, to the magnetic flux density, and to 
the component of the velocity that is at right angles to the magnetic field. 

21. Thermionic Emission.—In order to escape from the surface of a 
conductor, an electron must overcome restraining forces acting at the 
surface of the metal. In the case of thermionic emission the energy 
required to do this must come from the kinetic energy possessed by the 
electron as a result of its motion within the conductor. The properties 
of matter are such that it is only at high temperatures, where the average 
kinetic energy possessed by the electrons is large, that an appreciable 
number will have sufficient kinetic energy to escape through the surface. 

The process of electron emission from a solid substance is very similar 
to the evaporation of vapor from the surface of a liquid. " In the case 
of the vapor the evaporated molecules represent molecules that obtained 
sufficient kinetic energy to overcome the restraining forces at the surface 
of the liquid, and the number of such molecules increases rapidly as the 
temperature is raised. The thermionic emission of electrons from hot 
bodies represents the same process, and may be considered as an evapora¬ 
tion of electrons in which the energy the electron must give up in escaping 
corresponds to the latent heat of vaporization of a liquid. 

The number of electrons evaporated per unit area of emitting surface 
is related to the absolute temperature T of the emitting material and a 
quantity h that is a measure of the work an electron must perform in 
escaping through the surface, according to the equation 

7'= AT** ^ (30) 

where I is the electron current in amperes per square centimeter and A is 
a constant, the value of which may vary with the type of emitter. The 
temperature at which the electron current becomes appreciable is deter¬ 
mined almost solely by the quantity 6, which is accordingly the most 
important characteristic of an electron-emitting material. The value 
of A is of secondary importance, for the effects of wide variations in A 
can be compensated for by small temperature changes. 

Electrons having more kinetic energy than that required to escape 
into the surrounding space will leave the metal with a velocity correspond¬ 
ing to their excess kinetic energy. This velocity is termed the velocity oj 
emission and will reach as much as 1 volt for a few of the emitted electrons. 

Power Required to Heat Electron Emitters ,—The temperature required 
for electron emission can be obtained by arranging the cathode in the 
form of a filament which is brought to the desired temperature by passing 
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current through it, or by forming the cathode into a cylinder that has an 
internal heater consisting of a tungsten filament. These are termed 
filamentj and heater-type^ cathodes, respectively. 

Most of the power required to maintain the cathode at the proper 
temperature for electron emission represents energy sent out from the 
cathode in the form of radiant heat. In addition, there is a small loss 
by heat energy conducted away from the cathode through the support 
wires, and a further loss from the energy required to evaporate the 
electrons from the surface of the cathode. The heat radiated from a 
cathode that is at a considerably greater temperature than the surround¬ 
ing objects is proportional to the fourth power of the absolute tempera¬ 
ture. Hence, if other things are equal, the heating power will tend to be 
low when the temperature required for emission is low [ix., when the 
constant 6 in Eq. (30) is small]. 

22. Practical Emitters.—The properties desired in an electron emitter 
are high emission in proportion to heating power, and long life. These 
requirements are mutually conflicting, since a high emission in proportion 
to heating power calls for operation at the highest possible tempera¬ 
tures, and this reduces the life. The emitters that most satisfactorily 
meet the requirements of efficiency and life are tungsten, thoriated- 
tungsten, and oxide-coated cathodes. 

Oxide-coaled Emitter .—The oxide-coated emitter consists of a mixture 
of barium and strontium oxides coated on the surface of a metal such as 
platinum or nickel alloy. When properly prepared, such a surface will 
emit large numbers of electrons at temperatures of the order of IISO^K. 
This electron emission arises from a layer of alkaline-earth metal, t.e., 
metallic barium and strontium, which forms on the surface of the oxide 
coating. The emission is maximum when this layer covers the entire 
surface of the oxide to a depth of approximately one molecule. 

The high thermionic activity of oxide-coated cathodes appears to be 
caused by this surface layer becoming positively charged as a result of 
losing electrons. The surface then acts as a positively charged grid 
which covers the surface of the oxide coating and helps pull electrons 
from its surface. 

The life of an oxide-coated emitter under favorable conditions is 
terminated by the exhaustion of the active material that maintains the 
emitting layer. Carefully made and properly operated tubes employing 
oxide-coated cathodes normally have a life of at least 5000 hr., and 
20,000 hr. is not unusual. Under unfavorable conditions, or with 
improperly prepared cathodes, the life is much less. Thus if the cathode 
is operated at too high a temperature the electron emission in proportion 
to heating power is correspondingly increased, but the life is greatly 
shortened. 
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The presence of small traces of gas within a tube having an oxide- 
coated cathode produces an adverse effect on life. This gas is ionized as 
a result of collision with the electrons traveling to the anode, and the 
resulting positive ions bombard the cathode. This produces a mechanical 
disintegration of the cathode that becomes increasingly serious as the 
anode voltage of the tube is raised. 

The oxide-coated cathode is the most efficient emitter of electrons 
that has been discovered. When operated under favorable conditions, 
i.e,^ in tubes with low or moderate anode voltage and with a good vacuum, 
the life is also greater .than with other emitters. The principal use of 
the oxide-coated emitter is in tubes where the anode potentials are small, 
i.e., less than 500 volts, and where the total heat dissipated in the tube 
is small. The low anode voltage minimizes the effect of the residual gas, 
while low dissipation reduces the possibility of gas being released from 
the metal and glass parts of the tube during operation. Heater-type 
cathodes are always oxide-coated because this is the only emitter that 
will operate at the temperatures obtainable with indirect heating. 

Tungsten ,—Tungsten is a relatively poor emitter of electrons (i.e., an 
electron must do considerable work to escape from a tungsten surface). 
Because of its refractory character, however, tungsten can be operated 
at very high temperatures. This, combined with its ruggedness, causes 
tungsten to be used where other emitters are not satisfactory, i.e., where 
the anode voltage is very high and the vacuum is not so perfect as might 
be desired. 

The life of a tungsten emitter is .set by the evaporation of tungsten 
from the hot filament. The rate of evaporation increase's rai)idly with 
temperature, so that the life (lecrea.se.s as the temperature' is raised. At 
the same time, raising the temperature? iiuTe'ase's the eleetre)n emi.ssion. 
The best compromise in this situation corre'sponels to a temfK'rature that 
gives a life expectancy of 1000 to 3000 hr. This means a temix»rature 
of 2450 to 2600°K. The higher tempe?ratures are useel with larger 
diameter filaments, since then evaporation to a .give?n depth re?duces the 
diameter by a smaller percentage. 

Thoriated-iungsten Emitters .—A thoriated-tungsten emitter consists 
of orebnary tungsten to which a small amount of thorium oxide and carbon 
has been added. When properly treated, a layer of thorium one molecule 
.deep will be formed upon the surface of the emitter. This layer acts in 
much the same way as the corresponding film of barium on the surface 
of the oxide-coated emitter, and assists the electrons in escaping. Profuse 
emission is obtained at a temperature of about 1900°K., which is about 
550 to 700® lower than the operating temperature of pure tungsten. 

The mono-molecular film of thorium is formed by flashing the fila¬ 
ment at a temperature of about 2700®K. for 1 or 2 min. and then glowing 
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for some minutes at a temperature around 2150®K. The flashing raises 
the temperature to the point where the impregnated carbon reduces 
some of the thorium oxide to metallic thorium. The subsequent glowing 
allows this thorium to diffuse to the surface where it forms a layer one 
molecule deep that is the seat of the electron emission. 

The best operating temperature for a thoriated tungsten filament is 
approximately 1900°K. At a higher temperature the thorium diffuses 
very ^ rapidly to the surface where the excess is evaporated, thereby 
quickly exhausting the supply of this material. At lower temperatures, 
on the other hand, the thorium diffuses so slowly to the surface that 
thorium molecules are lost from the mono-molecular surface film through 
evaporation and positive-ion bombardment more rapidly than they are 
replaced by thorium from the interior of the cathode. At the proper 
operating temperature, the life of a thoriated-tungsten filament can be 
expected to be of the order of 5000 hr. 

Cathode bombardment by positive ions has a very detrimental effect 
upon thoriated-tungsten emitters. Such bombardment strips the tung¬ 
sten surface of the mono-molecular layer of thorium and thereby destroys 
the high emission. It is accordingly necessary that tubes employing 
thoriated-tungsten emitters be very thoroughly evacuated and so treated 
that a minimum of gas will be released during the life of the tube. 

The detrimental effects of gas can be reduced by carbonizing the 
surface of the tungsten. This can be accomplished by glowing at about 
1600°K. in a hydrocarbon vapor. The mono-molecular layer of thorium 
clings much more tenaidously to such a timgsten-carlnde surface than 
it does to pure tungsten. This in turn \)ermits operation at slightly 
higher cathode temiwratures, thereby increasing the rate at which tho¬ 
rium diffuses to the surface to reidace the thorium lost through pasitive- 
ion bombardment. 

Thoriated-tungsten emitters are slightly less efficient than oxide- 
coaU'd emitters, but have much higher efficiency than pure tung.sten. 
At the same time, thoriated tungstcMi when carbonized is much more 
resistant to positive-ion bombardment than is the oxide-coated cathode, 
although less satisfactory from this point of view than pure tungsten. 
As a consequence, thoriated-tungsten emitters find their chief use in the 
larger air-cooled tubes, particularly those operating at anode potentials 
in excess of 500 volts. 

23. Current Flow in a Two-electrode Tube. Space-charge Effects.— 

When an electron-emitting cathode is surrounded by a positive anode 
(t.e., plate electrode) to form a two-electrode vacuum tube (or diode), 
the relation between the plate current (t.e., the number of electrons 
collected by the anode) and the plate potential has the character shown 
in Fig. 31. When the plate is negative it repels the emitted electrons 
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back into the cathode and the plate current is zero. On the other hand, 
at high positive potentials the plate attracts electrons as fast as they are 
emitted. The current is then given by Eq. (30) and is determined largely 
by the cathode temperature and is substantially independent of the 
electrode voltage. This condition is termed voUage saturation} 

When the plate potential is positive but low, the plate current is 
limited by the negative space charge produced by the electrons that are 
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iu current as a function of anode voltage in a two-electrodo tube for 

three cathode temperatures. The solid lines are the characteristics actually obtained using 
cathode, whereas the dotted lines show the typo of curves given by tungsten 
and thonated-tungsten cathodes. ^ 

in transit between cathode and plate. This is because the number of 
electrons in transit between electrodes at any instant cannot exceed 
the number that will produce a negative space charge which completely 
neutralizes the attraction of the'positive plate upon the electrons just 
leaving the cathode. All electrons in excess of- the number necessary 

* The sharpness with which voltage-saturation effects appear differs greatly with 
the type of emitter. Thus the anode current with cathodes of tungsten or thoriated 
tungsten has a characteristic such as shown by the dotted lines in Fig. 31, in which 
the saturation effect is almost complete. On the other hand, with emitters of the 
oxide-coated type saturation takes place more gradually, as shown by the solid lines 
of Fig. 31. 
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to neutralize the effect of the plate voltage are repelled back into the 
cathode by the negative space charge of the electrons in transit. Where 
the plate current is limited in this way by space charge, the plate current 
is determined by the plate potential, and is substantially independent 
of the electron emission of the cathode. 

When the cathode is an equipotential surface (heater cathode), the 
total plate current for positive plate voltages with space-charge limita¬ 
tion is given by the equation 

Plate current = KEb^“ (31) 

Here if is a constant determined by the geometry of the tube, and Ej, 
is the anode (plate) voltage with respect to the cathode.^ For negative 
plate voltages the plate current is zero. 

In filament-type tubes the voltage drop produced in the cathode 
by the heating current causes different parts of the filament to have 
different potentials with respect to the anode. The space-charge- 
limited current from each part of the filament is then proportional to the 

power of the voltage with respect to that part, but the total current is 
not exactly proportional to the % power of the potential of the anode. 
When the anode potential is measured with reference to the negative 
end of the filament, as is customary, the anode current varies as a power 
of the anode potential that is % at low anode potentials and decreases 
to % when E ^» F/. 

The energy that is delivered to the tube by the source of anode volt¬ 
age is first expended in accelerating the electrons traveling from cathode 
to anode and so is converted into kinetic energy. When these swiftly 
moving electrons strike the anode, this kinetic energy is then trans¬ 
formed into heat that must be radiated to the walls of the tube. 

24. Action of the Grid.—The flow of electrons to the plate can be 
controlled by placing a screenlike electrode, or grid, between the cathode 
and plate. This gives a three-electrode or triode tube. The grid is 
normally operated at a negative potential with respect to the cathode 
and so attracts no electrons. However, the extent to which it is negative 
affects the electrostatic field in the vicinity of the cathode and so controls 
the number of electrons that pass between the grid wires and on to the 
plate. 

The grid functions as an imperfect electrostatic shield that allows 
some but not all of the electrostatic flux from the anode to leak between 

^ When the anode voltage is low and very precise results are required, the voltage 
Eh appearing in Eq. (31) must be interpreted to mean the actual anode voltage plus a 
correction to take into account the contact potential existing between plate and 
cathode and also the effective velocity of emission of the electrons. Each of these 
corrections ordinarily amounts to less than 1 volt, and so can normally be neglected 
where the anode voltage is moderately high. 
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its wires. The commonest type of grid structure consists of a spiral 
helix of circular or elliptical cross section, but any arrangement can be 
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Fig. 32.—Grid, plate, and cathode structures of a number of typical tubes. It will be 
observed that in every case the grid is a screenlike electrode that affects the electrostatic 
field near the cathode while permitting electrons to flow to the plate. 

employed in which the grid potential affects the electrostatic field at the 
(a) Ec = 0 cathode while allowing electrons to pass 

. |[||||tl|||||||||||||||p on to the plate. A number of typical 

grid structures used in commercial 
I tubes are illustrated in Fig. 32. 

^ R The grid electrode controls the flow ' 

/J i\ /J electrons to the plate because .the 

- u .1j 1 (/k electrostatic field between the plate and 
W cathode, and particularly the field near j 

^ the cathode, is affected by the grid/ 
potential. This is shown in Fig. 33, 
which gives a schematic picture of the 
G electrostatic field that exists between, 
^ ^ plate and cathode for several values of . 
^ ^ grid voltage (no space charge present). 

' When thc gHd is at zero potential with 

^ rcvspect to the cathode, the positive 
potential of the plate produces a stray 
in 11 I I 1, electrostatic field near the cathode, 

which, although somewhat weaker than 
would be the case with the grid removed, 

Fio. 33.-Schematic picture of ^rid is not a 

electrostatic field produced between perfect shield. As the grid is made 

it Ptoduee. an electroatatic 
static field in the vicinity of the field between cathode and grid that 

potenUaiTthe ""PPO**®" *^6 Stray field produced by the 

take into account only those fields pro- plate potential and thereby weakens the 

“'“‘'““it i” ‘Ite vicinity of 

the space charge of electrons which is the cathode, as shown at b in Fig. 33. 
superimposed upon the fields shown, ^^e grid is made Sufficiently nega- 

tive, the stray electrostatic field produced at the cathode by the 
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positive anode is entirely neutralized by the negative grid, as shown at 
c in Fig. 33. In this last case there is no electrostatic field to draw the 
emitted electrons away from the cathode, and the space current will be 
zero. 

The number of electrons that reach the anode is determined almost 
solely by the electrostatic field near the cathode and is affected hardly 
at all by the field in the rest of the interelectrode space. This is true 
because the electrons near the cathode are moving very slowly compared 
with the electrons that have traveled some distance toward the plate. 
The volume density of electrons is hence large near the cathode and low 
in the remainder of the interelectrode space. The total space charge 
of the electrons in transit toward the plate is then made up largely of the 
electrons in the imipediate vicinity of the cathode. Once an electron has 
traveled beyond this region, it reaches the plate so quickly as to contribute 
to the space charge for only a brief additional time interval. The result 
is that the space current in a three-electrode vacuum tube is for all prac¬ 
tical purposes determined by the electrostatic field that the combined 
action of the grid and plate potentials produces near the cathode. 

When the grid structure is symmetrical, it can be shown that in the 
absence of space charge the electrostatic field at the surface of the 


cathode is proportional to the quantity 



where Ec and Eb 


are the grid and anode (plate) voltages, respectively, with respect to the 
cathode, and where n is a constant that is determined by the geometry 
of the tube and is independent of the grid and plate voltages. The 
constant m is known as the amplification factor of the tube and is a measure 
of the relative effectiveness of grid and plate voltages in producing electro¬ 
static fields at the surface of the cathode. 

Quantitative Effect of Grid Potential on Space Current, —The space 
current in a perfectly symmetrical three-electrode tube varies with 




in exactly 


the same way that the space current in a two- 


electrode tube varies with the plate voltage. This is true because in 
both cases the current flow is determined by the electrostatic field near 


the cathode, and this field is in turn proportional to 




when a 


grid is present and to Eb when there is only a plater. With a perfectly 
symmetrical tube and no voltage drop in the cathode the space current 

( E " 

Ec + ~) • When the grid is negative \ 


is therefore proportional to (fi'c + 


all this current goes to the plate, so that for positive values of 


('•»?) 
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and negative grid potentials 




Plate current = Ki 


where X is a constant determined by the tube dimensions. ^ For negative 
values of the plate current is zero. It will be noted that this 

equation is analogous in all respects to Eq. (31), and that by interpreting 




to be the effective anode voltage they are identical. 


26. Characteristic Curves of Triodes.—The most important charac¬ 
teristics of vacuum tubes with grid, plate, and cathode electrodes are the 
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Fig. 34.—Relationship between grid voltage and plate current for several values of plate 
voltage in a typical three-electrode tube. Note that the principal effect of changing the 
plate voltage is to displace the curves without changing the shape. 

relationships between: (1) plate current and plate voltage with constant 
grid voltage, and (2) plate current and grid voltage with constant plate 
voltage. Examples of such curves are shown in Figs. 34, 35, and 36. 

It will be noted that the various curves of any one family are all of 
approximately the same shape. Furthermore, the curves of Fig. 34 have 
the same shape as the curves of Fig. 35, and this is the same shape as the 
part of Fig. 31 that is space-charge limited. These various properties 
of the characteristic curves of a three-electrode tube result from the fact 

that the plate current is determined only by (^Ec .-H and not by the 

particular combination of grid and plate voltages involved. 

1 For highest accuracy, the parenthesis on the right-hand side of Eq. (32) must be 
corrected for contact potentials and velocity of emission, exactly as Eq. (31). This 
correction ordinarily amounts to less than 1 volt, and so is unimportant unless the 
value of the parenthesis is small. 






Sec. 25] FUNDAMENTAL PROPERTIES OF VACUUM TUBES 


65 


T'he range covered by Figs. 34 and 35 lies in the region where the 
anode current is limited by space charge. Figure 36 shows the situation 
that exists when the electron emission is sufficiently low to bring in volt¬ 
age saturation. It is seen that the anode current is still a function of 



Fig. 35.—Relationship between plate voltage and plate current for several values of 
grid voltage for the same tube as in Fig. 34. Note that the principal effect of changing the 
grid voltage (provided the grid is at least slightly negative) is to displace the curves without 
changing the shape. Note also that these curves have the same shape as those of Fig. 34. 

exactly as in Fig. 34, but the shape of the curves is now differ¬ 
ent as a result of voltage saturation. The curves of Figs. 34 and 35 
would show similar saturation effects if extended to higher values of plate 
current. 



Grid Vol+otge 


Fig. 36.—Grid-voltage-plate-current curves differing from those of Fig. 34 only in that 
the cathode temperature has been lowered to the point where voltage saturation begins to 
appear at the larger plate currents, causing the tops of the curves to bend over. 


The plate current of a three-electrode tube becomes zero when 



is zero or negative. 


The condition 



= 0 exists 


when the grid is just sufficiently negative to neutralize the attracting 
power of the plate at the cathode (see Fig. 33c). This condition is known 
as cut-off and corresponds to Ec = —Ebju. 
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26. Constants of Triode Tubes. —The most important characteristics 
of a triode tube can be expressed in terms of three coefficients, or con¬ 
stants, termed the amplification factor /x, the dynamic plate resistance 
Rp (generally called plate resistance), and the mutual conductance Gm 
(also called transconductance). With the aid of these constants it is 
possible to make quantitative calculations of the tube performance under 
many conditions without resort to the complete characteristic curves. 

Amplification Factor .—The amplification factor jjl has already been 
defined in Sec. 24 as the ratio of the effectiveness of the grid and plate 
voltages in producing electrostatic fields at the cathode surface. It is 
determined by the geometry of the system comprising the grid, plate, and 
cathode electrodes, and its calculation in terms of the dimensions involved 
is a problem of pure electrostatics. The amplification factor depends 
primarily upon the grid structure and will be increased by anything that 
causes the grid to shield the cathode more completely from the plate. 
Thus larger grid wires or a closer spacing of the grid wires will increase 
the amplification factor. The amplification factor of ordinary three- 
electrode tubes ranges from about 3 as the minimum to about 100 as the 
practical maximum. The value in any particular case depends upon the 
purpose for which the tube was designed. 

If the relative effects of the grid and plate voltages in producing 
electrostatic field at the cathode were the same for all parts of the cathode, 
the amplification factor n would be absolutely independent of plate, grid, 
and filament voltages^^: In commercial tubes the necessity of supporting 
wires and the inevitable imperfections in construction result in dis¬ 
symmetries that causes different parts of the tube to have somewhat 
different amplification factors. The over-all amplification factor of such 
a combination will vary with pla^e, grid, and filament voltages and will 
tend to become lower as cut-off is approached because, as the grid becomes 
more negative, those parts having the highest value of /x will reach cut-off 
first, leaving only the low /x parts of the tube contributing to the space 
current. 

In the practical case where the amplification factor is not a pure 
geometrical constant, it is defined as the relative effectiveness of grid and 
plate voltages upon the plate current and so is expressed by the following 
mathematical relation: 

Amplification factor = /x = (33a) 

The amplification factor can also be defined in terms of voltage incre¬ 
ments ACg and Ae, to the grid and plate potentials, respectively, that 
keep the plate current constant. That is, 
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Amplification 

factor 


= M = 



constant 


dep 

dCg 


ip 


constant 


(336) 


Plate Resistance. —The plate resistance (sometimes called dynamic 
or a-c plate resistance) of a vacuum tube represents the resistance that 
the plate circuit offers to a small increment of plate voltage. Thus, when 
an increment of plate voltage Acp produces an increment in the plate 
current of Aip, the plate resistance is given by the relation 


Plate resistance = Rp = 


Acp 

Atp 


dCp 

Sip 


dcp 

dip 


<?0oon8tant 


(34) 


The plate resistance is therefore th(^ reciprocal of the slope of the plate- 
current-platc-voltage characteristic shown in Fig. 35, and depends 
upon the grid and plate voltages at the operating point under considera¬ 
tion. It is important to remember that the plate resistance is not equal 
to the ratio of total plate voltage to total plate current. 

In any particular tube the plate resistance depends primarily upon 
the plate current and only to a small extent upon the combination of grid 
and plate voltages used to produce this current. Furthermore, the plate 
resistance becomes progressively lower as the plate current is increased 
in the absence of saturation. This behavior is clearly apparent in Fig. 35. 

The plate resistance of tubes differing only in grid structure^ decreases 
as the amplification factor is lowered. This is because the change in 
electrostatic field produced near the cathode by a given plate-voltage 
increment is inversely proportional to the amplification factor. 

Mutual Conductance {or Transconductance). —The mutual conductance 
Gm (or, as it is often called, the transconductance) is defined as the rate 
of change of plate current with respect to a change in grid voltage. Thus, 
if the grid voltage is changed by Ac^, the resulting plate-current change 
Aip is related to the mutual conductance by the equation 


Alp - tn 


_ Alp 

Ac 


Sip 

SCg 


dip\ 
do ' 


constant 


(35a) 


By combination of Eqs. (33), (34), and (35a) it is also found that the 
mutual conductance is the ratio of amplification factor to plate resistance. 
That is 


p __ Sip 
Rp SCg 


(356) 


The mutual conductance has the dimension of a conductance, and is 
commonly expressed in micromhos, abbreviated /nnho. 

The mutual conductance is a rough indication of the design merit of a 
tube. This is because a low plate resistance and a high amplification 
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factor are desired, and the mutual conductance measures the extent to 
which this feature is attained. 

In a particular tube the mutual conductance depends primarily upon 
the plate current and to only a small extent upon the combination of grid 
and plate voltages used to produce this current. The mutual conduct¬ 
ance also increases as the plate current is increased, provided there is a 
full space charge. Typical values of mutual conductance for normal 
operating conditions range from 500 to 5000 /imho. 

27. Pentodes.—A pentode can be thought of as an ordinary triode 
tube to which two additional concentric grids have been added between 
cathode and plate. This gives a total of three grids, which are arranged 
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Fig. 37.—Schematic diagrams of typical pentode tubes showing the electrode arrange¬ 
ment and how the control grid is completely shielded from the plate in tubes intended for 
use at high frequencies. Audio-frequency power pentodes are similar, except that the 
shield is omitted. 


Os illustrated in Fig. 37. The inner grid is called the control grid and 
corresponds to the grid of a triode tube. The next grid is termed the 
screen grid, or screen, while the outer grid is called the suppressor. In 
normal operation the control grid is maintained negative with respect to 
the cathode, the screen grid is operated at a fixed positive potential, the 
suppressor is connected directly to the cathode, and the plate is operated 
at a positive potential. 

The additional grids operated in this way modify the voltage and 
current relations existing within the tube in a way that is desirable for 
many purposes. The additional grids also provide electrostatic shielding 
between the anode and the control grid, thereby eliminating electrostatic 
coupling between circuits associated with the control grid and circuits 
associated with the anode. This shielding is particularly important in 
the case of radio-frequency amplifiers. Pentode tubes intended for such 
service realize practically perfect shielding by arrangements such as 
illustrated in Fig. 37. 
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VoUage and Current Relations in Pentode Tubes .—The nature of the 
voltage and current relations in a pentode tube can be derived by con¬ 
sidering the potential distribution in the space between the plate and 
cathode. This distribution is shown in Fig. 38a for a typical pentode 
having a full space charge in the immediate vicinity of the cathode. The 
number of electrons drawn from the cathode under conditions of space- 
charge limitation is determined by the electrostatic field at the surface 
of the cathode, exactly as in the case of the triode. This field in pentodes 
depends upon the potential of the control and screen grids and the 
geometry of the tube. It is not affected appreciably by the plate poten¬ 
tial, because the screen and suppressor effectively shield the cathode from 
electrostatic fields produced by the plate. 

(a) Normal (b) Virtual Ccithode Between 
Suppressor and Screen 


C G S Su. P C 6 S Su. P 



Position in Tube Position in Tube 

Fiq. 38.—Potential distribution in pentode tubes with and without a virtual cathode 
between suppressor and screen. 

The electrons drawn from the space charge pass between the control- 
grid wires and are accelerated to a high velocity as the screen grid is 
approached. At this high velocity the electrons travel in substantially 
straight lines, so very few except those which happen to be going directly 
toward the screen-grid wires are intercepted by the screen. The remain¬ 
ing electrons then pass through the screen grid and travel on toward the 
suppressor. As the suppressor is approached, the electrons slow down 
because of the retarding field between suppressor and screen, but if the 
plate is reasonably positive they will pass on through the spaces between 
the suppressor-grid wires and reach the plate. This is because the sup¬ 
pressor, being only an imperfect electrostatic shield, does not prevent 
the plate from attracting the electrons in the screen-suppressor space. 

However, if the plate potential is very low, the electrons will not be 
attracted to the plate as fast as they approach the suppressor. A space 
charge, called a virtual cathodej then forms between the suppressor and 
screen as shown in Fig. 386. As far as the suppressor and plate are 
concerned, this virtual cathode acts as a real cathode, and the combination 
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of virtual cathode, suppressor, and plate then behaves as an ordinary 
triode tube. The plate current under such conditions tends to be inde¬ 
pendent of the control-grid and screen-grid potentials and to be deter¬ 
mined solely by suppressor and plate voltages. The excess electrons 
arriving at the virtual cathode above those drawn off to the plate turn 
about and are collected by either the screen-grid or the cathode. 

The total space current in the absence of a virtual cathode is deter¬ 
mined by the electrostatic field at the surface of the cathode, and, for a 
perfectly symmetrical tube with an equipotential cathode, is given by the 
equation' 

E 

Ee + --M (36) 

May ) 

where 

Ih and l^Q = plate and screen currents, respectively 

K and piaa = constants determined by the tube construction 

Ec and E^g = control-grid and screen-grid potentials, respectively. 
The plate voltage has practically no effect on tlu^ space current and so 
does not appear in the equation. It is to be notcnl that this equation is 
strictly analogous to Eq. (32) for triodes, the only difference b(ung that 
the screen grid has taken the place of the plate in the triode equation. 

The total space current given by Eq. (36) divides between the positive 
electrodes, t.e., between the screen and the plate. With plate voltages 
that are sufficient to prevent-the formation of a virtual cathode in front 
of the suppressor, the ratio of plate to screen currents is very nearly 
equal to the ratio of the area of the spaces between the wires of the screen- 
grid structure to the projected area of the wires themselves and is, to a 
first approximation, independent bf the plate and screen potentials. The 
plate current then follows the same law as the total space current and so 
is given by an equation of the same form as Eq. (36). The plate current 
normally constitutes the major part of the space current and is commonly 
about 80 per cent of the total. 

Characteristic Curves of Pentodes .—The actual voltage and current 
relations existing in a pentode tube can be shown by means of charac¬ 
teristic curves, of which those of Figs. 39 to 42 are typical. The total 
space current in the absence of a virtual cathode is seen from Eq. (36) to 
be independent of plate potential. The plate current is likewise propor¬ 
tional to the total space current under these conditions and varies with 
control grid and screen potentials in the same way that the plate current 
of a triode varies with grid and plate voltages. 

^ For highest accuracy the quantity inside the parentheses on the right-hand side 

J f the equation must be corrected to take into account contact potential and velocity 
iKemission, exactly as discussed in connection with Eq. (32) for the case of triodes. 


Total space current = /& + Isg = 
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At plate voltages so low or suppressor potentials sufficiently negative 
that an effective virtual cathode is formed between the screen and sup¬ 
pressor, the plate current tends to be independent of control-grid and 



Fig. 39. —Curves showing total space current of a pentode as a function of control-grid 
potential for various screen potentials. Note the similarity of these curves to those of 
Fig. 34 for triodes. 
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Fig. 40.—Curves showing plate and screen currents and total space current of a pentode 
as a function of plate voltage for various control-grid potentials. Note that when the 
plate potential is not too low the plate voltage has relatively little effect on the currents. 


screen-grid potentials. The plate current then depends upon the plate 
voltage, as theory indicates should be the case. In the presence of a. 
virtual cathode the part of the total space current that does not go to the 










Fig. 41.—Curves showing plate and screen currents and total space current of a pentode 
as a function of control-grid voltage for various screen potentials. Note that all these 
curves are of the same general character as those of plate current of a triode (Fig. 34). 



Plate Voltage 


Fig. 42.—Curves showing plate and screen currents and total space current of a pentode 
as a function of plate voltage for various values of suppressor-grid potential. It will be 
noted that, for low plate voltages where a virtual cathode forms, the curves of plate current 
are somewhat like those of a triode as shown in Fig. 35. 
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plate is divided between the screen and cathode, so that the screen current 
increases and the total net space current decreases as the plate voltage is 
reduced. A virtual cathode can be formed even with high plate poten¬ 
tials, provided the suppressor grid is made sufficiently negative. This is 
illustrated in Fig. 42 and is made use of in certain circuits to give an 
additional means of controlling the plate current. 

* 28. Screen-grid Tubes. —The screen-grid tube can be thought of as a 
pentode with the suppressor grid removed. This omission of the sup¬ 
pressor grid makes it possible for secondary electrons to flow between 
screen and plate. When the plate is at a lower potential than the screen 



Con+rol-grid Vol+orge 


Fig. 43.—Typical curves showing the effect of electrode voltages on the total space 
current {ip + igg) of a screen-grid tube. This total current is relatively independent of 
the plate potential and varies with control- and screen-grid potentials in exactly the same 
way as the plate current of a triode varies with grid and plate voltages, respectively. 

grid, the secondary electrons produced at the surface of the plate by the 
impact of the primary electrons from the cathode will tend to be drawn 
to the screen. Similarly, when the plate is at a greater potential than 
the screen, the secondary electrons produced at the screen will tend to 
flow to the plate, while the secondary electrons produced at the plate 
will be attracted back to the plate. This interchange of secondary 
electrons between plate and screen is superimposed upon the flow of 
primary electrons from the cathode, and so makes the voltage and current 
relations of a screen-grid tube differ from those existing in a pentode. In 
the pentode there can be no such interchange of secondary electrons 
because the suppressor grid lowers the potential of the space between the 
screen and plate, as illustrated in Fig. 38, and makes ^ach of these elec¬ 
trodes the most positive thing in its vicinity. 
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The number of secondary electrons produced at an electrode is pro¬ 
portional to the number of arriving primary electrons, increases as the 
voltage of the electrode becomes greater, and is particularly sensitive 
to the surface conditions. Secondary emission commonly becomes 
appreciable at potentials of 25 to 75 volts, and at these voltages it is not 
unusual for each primary electron to produce on the average one to two 

secondary electrons. With t^ur- 
faces treated in vsuch a way as to 
enhance secondary emission, as 
many as 10 secondary electrons 
may be produced for each primary 
electron, whereas surfaces prepared 
to resist secondary emission will on 
the average have only one second¬ 
ary electron for perhaps 5 or 10 
primary electrons. 

Voltage and Current Relations in 
Screen-grid Tubes .—The voltage 
and current relations ('xisting in a 
screen-grid tube can be expressed 
in terms of characteristic curves 
such as those given in Figs. 43 to 
45. These curves are sc^en in many 
respects to be similar to those of 
pentodes given in Figs. 39 to 41. 
Thus the total space current of the 

0 70 40 60 M 100 170 140 160 180 700 770 740 screeii-grid tube is determined 
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Fio. 44.— Variation of olate and sc'reen- primarily by the control-grid and 
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Total Space current • (!^ 
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Plate Voltage • 

-Variation of plate and screen- 


grid currents, and of total space current, with screen-grid potentials and is sub- 
plate voltage (screen-grid voltage constant). , j.*ii *1 i x rxi ^ a 

It will be noted that changing the control-grid stantially independent of the plate 

voltage alters the magnitude of the curves potential, exactly as in the pentode, 
without changing their shape (i.e., the rni • • ix r r j. j. 4 . 1 . 

control-grid potential affects the total space This IS a result of the fact that the 

current but does not alter its division between screen grid serves as an electrostatic 
the plate and screen grid). 1 1 x x xl 1 x r 

shield that prevents the plate Irom 
producing appreciable electrostatic field at the surface of the cathode. 
Furthermore, when the plate potential of a screen-grid tube is greater 
than the screen potential, the plate current is only slightly less than the 
total space current and is substantially independent of plate potential. 
The only essential difference between the characteristic curves of pentode 
and screen-grid tubes occurs when the plate potential is less than the 
screen voltage. Under these conditions secondary electrons, produced 
as a result of the primary electrons striking the surface of the 
plate, are attracted to the screen grid in large numbers. The 
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plate current is thereby reduced to a value less than it would other¬ 
wise be. 

The effects of secondary electron emission in a screen-grid tube can 
be understood by studying the way in which the plate and screen currents 
vary with plate potential, assuming that the screen and control-grid 
voltages are constant. Such characteristics are shown in Figs. 44 and 
45. When the plate is more positive than the screen, the plate receives, 
in addition to the primary electrons emitted from the cathode, secondary 
electrons produced at the screen grid. The number of such secondary 
electrons received by the plate is relatively small, however, since the 
screen intercepts only a small fraction of the primary electrons and since 
the secondaries are produced on the cathode side of the screen and there- 



Fi«. 45.—^Characteristics of screen-grid and pentode tubes showing the effects of second¬ 
ary emission. The power tetrode is a screen-grid tube in which the plate has a ribbed 
structure and is treated to reduce the production of secondary electrons. 

fore are not under the direct influence of the plate. When the plate 
potential is reduced until it is less positive than the screen voltage, the 
situation changes suddenly. Secondary (dectrons produced at the surface 
of the plate are now attracted to the more positive screen, so that the 
actual plate current represents the difference between the number of 
primary electrons arriving and the number of secondary electrons lost. 
Very commonly each primary produces on the average more than one 
secondary electron, in which case the plate current reverses and becomes 
negative. A still further lowering of the plate potential does not change 
the number of primary electrons that strike the plate, but since the 
velocity of impact is now less, the number of secondaries is reduced, and 
the net plate current is increased accordingly. This increase in plate 
current with reduction in plate voltage continues until the plate potential 
becomes so low that a virtual cathode forms in front of the plate. Beyond 
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this point the plate current tends to decrease with reduction in the plate 
potential. 

During these variations of plate potential, the total space current 
remains constant except at very low plate potentials, when some of the 
electrons return to the cathode. The variations in screen current are 
consequently the inverse of the variations in plate current, because the 
screen tends to receive the current that does not go to the plate. 

The actual shape of the plate-current-plate-voltage characteristic 
of a screen-grid tube for plate potentials less than the screen voltage is 
dependent upon the tendency for secondary electrons to be produced at 
the plate. This is illustrated in Fig. 45, which shows characteristics for 
three screen-grid tubes with different amounts of secondary emission 
at the plate. The corresponding characteristic of a pentode tube is also 
shown for comparison. It is seen that the addition of a suppressor grid 
gives the same characteristic as would be obtained with a*screen-grid 
tube having no secondary emission at the plate. 

Dynatron or Negative Resista7ice Characteristic of Screen-grid Tubes .— 
It will be noted from an examination of Figs. 44 and 45 that when there 
is appreciable secondary emission at the plate, there is a region where 
the plate current increases as the plate voltage is reduced. This repre¬ 
sents a negative resistance characteristic, and the tube when used in this 
way as a negative resistance device is termed a dynatron. 

29. Beam Tubes. —The beam tube is a special type of screen-grid 
tube in which the action of a suppressor grid is obtained by accentuating 
the space-charge effect of the electrons in transit in the space between 
screen and plate. VThe space charge required to do this can be obtained 
by making the distance between screen and plate large, so that many 
electrons will be in this space aVany one instant, and by confining the 
electrons to a relatively narrow beam to increase their volume density. 
The resulting potential distribution in the plate-screen space under condi¬ 
tions of large space-charge effect is illustrated in Fig. 46a. It will be 
noted that this potential distribution is characterized by a minimum that 
persists until the plate potential is very low. This potential minimum 
arises as a result of the negative space charge being sufficient to bring the 
potential of the space below the potential of the screen and plate elec¬ 
trodes themselves. The presence of this potential minimum makes each 
.electrode the most positive electrode in its vicinity and thereby prevents 
secondary electrons from being interchanged between screen and plate. 
As a consequence, the beam tube has characteristics that are essentially 
similar to those of a pentode tube. 

In the beam tube, however, the transition from the condition where 
the plate current is independent of plate potential to the condition where 
the plate current depends on plate voltage is more abrupt than in the 
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pentode and occurs at a lower voltage, as indicated in Fig. 466. The 
gradual transition of the pentode characteristic arises from the fact that 
the effect of the suppressor grid is greater next to the grid wires than 
midway between them, thus giving rise to a form of variable-mu action 
(see Sec. 31). On the other hand, no corresponding dissymmetry exists 
in the beam tube because the space charge is uniformly distributed. The 
beam tube hence realizes what might be termed the ideal pentode charac¬ 
teristic, whereas the actual pentode tube .fails to do so because of the 
non-uniform action of the s upp ressor grid.) 


(a) Potential Distribution 
in Screen-plate Space tor 
Various Plate Voltages 



Screen Ptai-e 

grid 


(b) Difference in Charac¬ 
teristics of Beoim and 
Pentode Tubes 


^‘■^Beofm iube 
[/^''Penfode 



The construction of a practical beam tube is shown in Fig. 46c. The 
beam-forming plates are internally connected to the cathode and serve 
to concentrate the electrons in a beam as indicated. This increases the 
space-charge effect sufficiently so that, with the large screen-plate dis¬ 
tance, the space charge in the screen-plate space will be enough to produce 
the required potential minimum.u The beam-forming plates also serve 
to keep the electrons away from the edges of the control-grid structure 
where pronounced dissymmetry exists. The control-grid and screen-grid 
wires are preferably aligned so that the screen-grid wires are in the shadow 
cast by the control grid. This reduces to an unusually low value the 
fraction of the total space current intercepted by the screen. 

30. Coefficients of Screen-grid, Beam, and Pentode Tubes.—The 
important coefficients of screen-grid, beam, and pentode tubes are the 
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mutual conductance (or transconductance), plate resistance, and two 
amplification factors. The first amplification factor of importance is 
the constant which appears in Eq. (36) and which represents the 
relative effectiveness of the control and screen grids in producing electro¬ 
static field at the surface of the cathode. A definition of this constant in 
terms of the notation of Eq. (36) is 

_ _ dCsg 

“ de„ 


(37) 

ip-\-isg constant 


The amplification factor fXsg is analogous to the amplification factor ju 
of triode tubes and can be termed the cut-off amplification factor^' since 
it determines the screen- and control-grid potentials giving plate current 
cut-off. Numerical values of fisg commonly encountered are in the range 
6 to 30. 

The second amplification factor of importance in beam, pentode, and 
screen-grid tubes measures the relative effectiveness of control-grid and 
plate potentials in controlling the plate current. . This quantity is given 
the symbol and is defined by the relation: 


fX = 


de 

de 


-I 

(/|tp constant 


(38) 


where Cp and eg are plate and control-grid potentials, respectively, and 
ip is the plate current. The amplification factor /u is very high for operat¬ 
ing conditions that make the plate current substantially independent of 
plate voltage. Values ranging from 100 to over 1000 are common, with 
the exact magnitude depending upon the electrode voltages and upon the 
extent to which the electron stream in the vicinity of the cathode is 
shielded from stray electrostatic effects of the plate electrode. 

Plate Resistance ,—The plate resistance of beam, pentode, and screen- 
grid tubes is defined in the same way as for triodes, i.c., it is the resistance 
that the plate circuit offers to an increment of plate potential. Thus 
it is defined by the equation 

Plate resistance = Rj, = (39) 

dtp 


The plate resistance is seen to be the reciprocal of the slope of the plate- 
voltage-“plate-current curve. Under operating conditions for which the 
plate current is substantially independent of plate potential the plate 
resistance is very high, normally exceeding 1 megohm in pentodes that 
have the plate completely shielded electrostatically from the electron 
stream in the vicinity of the cathode. 

Mutital Conductance {or Transconductance ).—The mutual conductance 
(or, as it is sometimes called, the transconductance) of beam, pentode, and 
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screen-grid tubes is defined in the same way as in triodes and is given 
by the equation 


where 


Mutual conductance = Gm = ^ 

UCg Up 


(40) 


ip — plate current 
Cg == cpntrol-grid voltage 


fx = amplification factor given by Eq. (38) 

Rp = plate resistance as given by Eq. (39). 

The mutual conductance represents the rate of change of plate current 
with control-grid voltage. The mutual conductance is the most impor¬ 
tant single constant of screen-grid, 
beam, and pentode tubes when 
operated in the usual manner with 
sufficient plate voltage to make the 
plate current substantially inde¬ 
pendent of plate voltage. 

Miscellaneous Constants, 

Screen-grid beam, and pentode 
tubes possess numerous other con- 

slants which may under special Pu.. 47.-Characteristic curve of a typical 
circumstances be useful in express- variable-mu tube rompared with the charac- 

ing properties of the tube. Thus “tS 

each positive electrode has its own 

dynamic resistance defined in the same way as the plate resistance 
except that the expression is in terms of the voltage and current of 
the electrode involved. Likewise, each electrode possesses a mutual 
conductance or transconductance with respect to every other electrode. 



Finally, there are numerous amplification factors, each of which is defined 
in terms of the relative effectiveness of some particular pair of electrodes 
upon some current in the tube. Thus in the pentode tube one could 
define amplification factors giving the relative effectiveness of control-grid 
and suppressor-grid potentials upon the plate current, upon the screen- 
grid current, and upon the total space current Ip + Isg- 

31. Variable-mu Tubes. —Variable-mu tubes (also called remote 
cut-off tubes and supercontrol tubes) are tubes in which the design has 
been modified in such a way as to cause the total space current of the tube 
to taper off at very negative control-grid potentials rather than to have 
a well-defined cut-off point. The characteristic curve of a typical vari¬ 
able-mu screen-grid tube is shown in Fig. 47, together with the corre¬ 
sponding characteristic of an ordinary sharp-cut-off screen-grid tube. 

A variable-mu characteristic is obtained by using a non-uniform con¬ 
trol-grid structure so that the amplification factor is different for differ- 
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ent parts of the tube. Such an arrangement causes the various parts 
of the tube to reach cut-off with different grid-bias voltages, so that 
over-all cut-off comes gradually rather than abruptly. The usual method 
of obtaining the variable-mu action is illustrated in Fig. 48 and consists in 
varying the pitch of the control-grid structure. 

The variable-mu principle may be applied to any tube. It is, how¬ 
ever, normally used only in the small pentode and screen-grid tubes 
designed for voltage amplifier service. In such cases it is the amplifica¬ 
tion factor Hsg that has the variable-mu 
--Cathode characteristic. 

Variable-mu tubes are used where it is 
desired to control the amplification by 
varying the control-grid potential. The 
principal advantage of such tubes for this 
purpose over tubes having sharp cut-off 


6rid-^ 


Outer 
screen • 



‘Plate 


^inner screen 


Fig. 48.— Cut-away illustration is that by stretching out the part of the 

the%TiaWrTufh^of ^ characteristic having low mutual conduct- 

control-grid structure that gives the ance, the rate of change of curvature in 
variable-mu characteristic. .1 • • 11 xi j. i j. 

this region, and hence the tendency to 
produce cross-talk and distortion, is greatly reduce^. 

32« Effect of Positive Control Grid. —Throughout the discussion 
given above for different types of tubes it has been assumed that the 
control grid is operated at a negative potential. If the control grid 
becomes positive, the total space current is still determined by the 
strength of the electrostatic field at the surface of the cathode, just as 
with the grid negative, but part of this current is diverted away from the 
other positive electrodes to the^control grid. Hence Eqs. (32) and (36) 
become 

For triodes: 


/»-!-/. = -f- (41) 

For screen-grid, beam, and pentode tubes: 

h + I., + /. = kI^c + (42) 

where ic is the control-grid current, and the remaining notation is the 
same as before. 

The division of this total space current between the control grid and 
the remaining electrodes depends upon the type of tube and the electrode 
potentials. With triodes the grid current ordinarily increases as the 
control grid becomes more positive. The grid current is small, however, 
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until the grid potential exceeds the plate voltage, when the control-grid 
current rises abruptly as a result of secondary electrons captured from 
the plate. The grid current also becomes greater the lower the plate 
potential. This is particularly true when the plate voltage is so low that 
there is a tendency for a virtual cathode to form in front of the plate. 
The characteristic curves of a typical triode tube in the positive-grid 
region are shown in Fig. 49. 



Fiq. 49.—Characteristics of a small power triode (Type 800) in the positive control-grid 
region. It will be noted that the control-grid current tends to increase as the plate potential 
is reduced. 

33, Effect of Gas upon Tube Characteristics.— Even very small traces 
of gas within a tube will modify the characteristics and behavior mark¬ 
edly. This is a result of positive ions produced by collision between 
electrons and the gas molecules. These positive ions are attracted toward 
the cathode and bombard it with sufficient intensity to damage the 
cathode unless the ion velocity is low. Some of the positive ions are also 
attracted to the negative grid, and cause power loss in the control-grid 
circuit. The positive ions furthermore produce a positive space charge 
that tends to neutralize the negative space charge of the electrons in the 
vicinity of the cathode. This positive space-charge action is considerable 
even when only small traces of gas are present, because the low velocity 
of the positive ions resulting from their large mass causes each positive 
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Total electron 
emission of cathode 


Characteristic that 
would be obtained 
with no gas-. 


ion to spend a considerable length of time in the tube before being col¬ 
lected by the cathode or grid. 

Tubes in which gas effects are appreciable are commonly said to be 
‘‘soft.’^ When the amount of gas present is considerable (t.e., when the 
tube is very soft) the ionization will produce a luminous glow in the gas. 

Hot-cathode Gas Diodes .—When the gas pressure in a tube is of the 
order of 1 to 30 times 10~^ mm of mercury, as is the case when the tube 
contains mercury vapor in equilibrium with liquid mercury at room tem¬ 
peratures, the presence of the gas profoundly affects the characteristics. 
In the case of a diode, the plate current starts to increase with plate 
voltage in exactly the same way as in the high-vacuum tube of Fig. 31, but 

at some critical potential there Is a 
l^missfono7cathode sudden break and the current iiu;reases 
V to the full cathode emission with little or 
no increase in the plate voltage, as 

Ifa wqiT/be7bMmd shown in Fig. 50. This occurs when the 

^/whicti ■> plate voltage reaches the ionizing poten- 

(onization tial of the gas. The space-charge effect 

^apprechbk resulting positive ions is then 

sufficient to neutralize completely the 
15 space charge of the negative electrons 

^ , around the cathode. The result is that 

Fig. 50 .—Characteristic of hot- ^ . . , , , 

cathode mercury-vapor diode showing the full emission current Can be drawn 

how the space-charge limitation on to the plate with just enough plate 
the space current is removed as soon , ,. i i ^ i 

as ionization begins. potential to keep the lonization process 

. functioning. This sort of characteristic 
finds practical application in hpt-cathode mercury-vapor rectifier tubes, 
and is discussed in Sec. 86. 

34. Constructional Features of Small Tubes. —The construction of 
typical small glass-envelope tubes is shown in Fig. 51. The electrode 
assembly is supported by wires held in the glass stem by means of the 
press. The individual electrodes, such as plate, grid, and cathode assem¬ 
bly, are separately fabricated and spot welded to these support wires. 
Proper spacings are maintained by means of punched mica disks. After 
this stem assembly has been completed, the glass bulb is scaled to the 
stem, evacuated, and based. 

The metal-envelope tube differs from the glass tube primarily in that 
the outer envelope consists of a metal shell rather than a glass bulb. This 
change alters the manufacturing technique in many important respects, 
but the internal assembly of cathode, grids, ^nd plate is essentially the 
same irrespective of the type of envelope employed. The principal 
features of a metal-envelope tube are shown in Fig. 52. Instead of being 
mounted upon the press, the various electrodes are supported from a metal 
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''header/^ as shown. The lead-in wires are brought out through glass 
beads that are sealed to kovar eyelets, which in turn are welded to the 
header. Kovar is an alloy that has substantially the same coefficient 
of expansion as the glass bead and so makes possible a vacuum-tight 
joint. After the electrode structure has been completely assembled 
upon the header, the metal shell is welded to the header as indicated in 
Fig. 52, after which the tube is evacuated, sealed off, and based. 


P/ate^ 
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f or plate- 


Heater lead 


O/ass 
envelope 


I J i 



$31 





Cathode 
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for grid 
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Heater 
Mica spacer 

Press 


Stem 


Fig. 61a.—An x-ray photograph of hoater-type triode with glass envelope. 


Evacuation of Tubes .—Tho exact details of the evacuation procedure 
depend upon the type of tube. In the small tubes commonly used in 
radio receivers a rough vacuum is obtained by means of a motor-driven 
pump. The final vacuum is then produced by volatilizing a small quan¬ 
tity of some substance, called a “getter,” inside the tube to remove the 
residual gas either by chemical or by mechanical action. Magne.sium 
is widely used for this purpose, but other materials such as barium, 
phosphorus, etc., can also be employed, as well as various mixtures. Just 
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Fig. 516.—Photographs showing constructional features of small glass-envelope pentode 
tube, having heater cathode and variable-mu control grid. 
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Fia. 62 .—Cut-away drawing showing constructional features of a metal-envelope pentode 

tube. 
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before the getter is flashed the metal parts of the tube are brought to a 
red heat to drive out absorbed and adsorbed gas. With glass tubes this 
is usually accomplished with the aid of an induction furnace, while with 
metal tubes a gas flame playing on the metal shell is employed. 

In larger tubes such as used in radio transmitters, and in some types 
of small tubes, notably many of those used in telephone work, the final 
vacuum is obtained with the aid of a molecular pump backed up by the 
motor-driven pump. The gettercan then be omitted, making it 
possible to operate at glass temperatures that would volatilize the get¬ 
ter and destroy the vacuum. In such tubes the gas held by the glass 
parts is removed during evacuation by baking the entire tube at a tem¬ 
perature just below the softening point of glass. 


Table V.—Characteristics of Typical Vacuum Tubes Used for Voltage 

Amplification 




Heater 

or filament 

1 Normal electrode rating 

Properties 


Equivalent 

tubes* 












Type 

Type 

Volt¬ 

age 

Cur¬ 

rent 

Plate 

volts 

Grid 

volts 

Screen 

volts 

Screen! 

ma 

Plate 

ma 

Gm 

Rp 

M 


Triode Tubes 


S6 

76 

Heater 

2,6 

1.00 

260 

-13.6 



6.0 

1,460 

9,600 

13.8 

80 


Fila- 

2.0 

0.06 

180 

-13.5 



3.1 

900 

10,300 

9.3 



ment 











2A6§ 

76 §, 6Q7§t 

Heater 

2.6 

0.8 

250 

- 2.0 



0.8 

1,100 

91,000 

100 

6C6t 


Heater 

0.3 

0.3 

260 

- 8.0 



8.0 

2,000 

10,000 

20 

6F6t 


Heater 

6.3 

0.3 

250 

- 2.0 



0.9 

1,500 

66,000 

100 

56§ 

865, 27 

Heater 

2.5 

1.0 

260 

-20.0 



8.0 

1,100 

7,600 

8.3 


Screen-grid Tubes 


24A 


Heater 

2.6 

1.75 

250 

-3 

90 

1.7 

4.0 

1,060 

0.6 meg. 

630 

32 


Fila¬ 

ment 

2.0 

0.06 

180 

-3 

67.6 

0.4 

1.7 

660 

1.2 meg. 

780 

36t 


Heater 

2.5 

1.75 

260 

-3 

90 

2.5 

6.5 

1,050 

0.4 meg. 

420 


Radio-frequency Pentode Tubes 


6C6 

67, 6J7t, 77 

Heater 

6.3 

0.3 

260 

-3 

100 

0.6 

2.0 

1,226 

over 

1.5 meg 

OVbx 

1,840 

6D61: 

78t, 6K7tt, 68t 

Heater 

6.3 

0.3 

260 

-3 

100 

2.0 

8.2 

1,600 

0.8 meg. 

1,280 

34111 


Fila- 

2.0 

0.06 

180 

-3 

67.6 

1.0 

2.8 

620 

1.0 meg. 

620 

89/44 li 


ment 

Heater 

6.3 

0.3 

250 

-3 

90 

1.4 

6.8 

1,060 

1.0 meg. 

1,060 

6B75 

2B75 

Heater 

6.3 

0.3 

260 

-3 

125 

2.3 

9.0 

1 

1,126 

0.66 meg. 

730 


* These tubes have similar (but not necessarily identical) Normal Electrode Ratings and Properties, 
and are suitable for performing the same functions, 
t Metal envelope, 
t Variable mu. 

^ Tube with diode sections. 

Q Suppressor grid internally connected to cathode. 
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36. Table of Tube Characteristics. —The essential characteristics of 
different types of vacuum tubes in common use are given in Tables V, 
IX, X, XIV, and XV. The first table covers tubes used for voltage 
amplification and other similar purposes. These tubes may be classified 
as triodes, radio-frequency pentodes, and screen-grid tubes, and may be 
either of the sharp-cut-off or variable-mu type. Small power tubes such 
as are used in radio receivers are listed in Table IX (Chap. VI), and large 
power tubes, such as are used in radio transmitters, are covered in Table 
X (Chap. VI). Rectifier tubes are given in Tables XIV and XV 
(Chap. X). 

36. The Mathematical Representation of Characteristic Curves of 
Tubes. —In carrying out the analysis of circuits involving vacuum tubes, 
it is often desirable to be able to express the characteristic curves of the 
tubes by means of mathematical expressions. The principal methods 
that have been employed to do this are the power-law method, and the 
power-series method. 

Power-law Method of Expressing Tube Characteristics ,—This method of 
representing tube characteristics has already been made use of in Eqs. 
(31), (32), (36), (41), and (42), which for the sake of convenience will be 
rewritten below in slightly modified form. 

For diodes: 

h - KEiT (43) 

For triodes: 

h + Ic = k(e, + (44) 

For screen-grid and pentode .tubes: 


Ib + lag + /c = 




(45) 


In pentodes and screen-grid tubes when the plate potential is sufficiently 
high to make the plate current sub.stantially independent of plate voltage, 
the plate current is almost exactly proportional to the total space current, 
so that for these conditions one has 






(46) 


The notation in Eqs. (43) to (46) is the same as that used when they 
were first developed, with the addition that a is a constant, usually very 
close to but which may vary somewhat with electrode voltages when 
there are dissymmetries in the tube (i.c., when g, and Ptg are not true 
geometrical constants). 
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It is assumed in Eqs. (43) to (46) that the velocity with which the 
electrons are emitted from the cathode, and also the contact potentials 
in the grid and plate circuits, are negligibly small, and that there is no 
voltage drop in the filament. It is also assumed that there is a full space 
charge about the cathode and that an electron which has once been drawn 
out of this space charge will not return to it. Hence the equations do 
not necessarily hold when a virtual cathode is formed somewhere within 
the tube. 

Power-series Method of Representing Characteristic Curves of Tubes ,— 
In the power-series method, the tube characteristics are expressed in 
terms of a Taylor's series, or power series. The details of this method 
can be understood by applying it to the case of a triode with equipotential 
cathode and assuming that over a limited range about an operating point 
where the plate and grid voltages and plate current are Ecj and hy 
respectively, one can write 

Ip = + y") (47) 

where Ip is the change in plate current produced by changes Eg and Ep 
in grid and plate voltages, respectively, and m is constant over the range 
of variation represented by Eg and Ep. Expansion of Eq. (47) into a 
Taylor's series gives 

Ip = ai^g + + a2^u + (48) 

where 

_ ft _ M 

ai - 6m - 

__ 1 dGm _ _ M ^Rp 
“ ~2Rp^~dE, 



Equation (48) expresses the characteristics of the vacuum tube about 
the operating point Eb, Ecy and h at which the a's are evaluated and is 
exact, provided the plate current is not cut off and is Icvss than the satura¬ 
tion value, and provided /x may be considered constant over the range of 
Eg and Ep involved. In actual practice, the series converges so rapidly 
that one, two, or at most three terms are sufficient to explain many of the 
important aspects of tube behavior. 

Problems 

1. In a fx»»^o-electrode tube, the anode potential is +200 volts and the anode current 
is 76 ma. How many electrons arrive at the anode each second? 
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2 . When the tube in Prob. 1 consists of plane cathode and plate electrodes, it is 
found that when there is a strong magnetic field between the electrodes oriented so 
that the flux lines are parallel with the plane electrodes, the anode current becomes 
zero, but, if the flux lines are perpendicular to the plane electrodes, there is little or 
no effect on the plate current. Explain. 

8 * In a certain water-cooled tube the cathode consists of a tungsten filament 
19.5 in. long, and 0.025 in. in diameter. Calculate and plot the electron emission as 
a function of temperature over the range 2200 to 2600°K., if the constants A and h 
in Eq. (30) are 60.2 and 52,400, respectively. 

4 . Discuss the economic factors involved in selecting the cathode operating 
temperature of a tube employing a tungsten cathode. 

6. The useful life of a tungsten emitter is normally terminated by burnout of the 
filament. This is not the case with thoriated-tungsten and oxide-coated emitters, 
however. Explain the reasons for the difference. 

6. In tubes employing thoriated-tungsten emitters it is found that accidental 
overloading of the tube may cause the filament emission to drop to a low value. The 
emission lost in this way can often bo restored by operating the filament for some time 
at slightly above normal temperature. Explain, and also give the reasons that oxide- 
coated and tungsten emitters do not act in this manner. 

7. How much power is dissipated at the anode in the tube of Prob. 1? 

8 . In a two-electrode tube it is found that at a plate voltage of -f 100 volts, the 
plate current with full space charge is 90 ma. What plate voltage will be required to 
produce a plate current of 45 ma? 

9 . When full space-charge conditions exist in a two-electrode tube only those 
electrons which have the highest velocities of emission reach the anode. Explain 
how this comes about. 

10 . In a two-electrode tube a sine wave alternating voltage instead of a direct- 
current voltage is applied to the plate. Sketch the resulting wave of plate current 
as a function of time. 

11 . Using the plate-current-plate-voltage characteristic curve of a two-electrode 
tube obtained from a tube manual (or assigned), check the extent to which Eq. (31) 
holds by plotting h versus Eh on logarithmic paper. 

12 . In a particular triode tube having an amplification factor of 8, the plate current 
is 10 ma when Eb = 250 volts and Ec = —15 volts. What will be the current when 
Eb = 200 volts and Ec = — 5 volts, assuming that full space charge is maintained at 
all times? 

13 . Explain how one could plot an entire family of grid-voltage-plate-current 
curves such as shown in Fig. 34, knowing the amplification factor of the tube and 
having available one curve of the family. 

14 . A triode tube has an amplification factor of 13 and is operated at a plate 
potential of 275 volts. What grid potential is required to reduce the plate current 
barely to zero? 

15 . In a particular tube it is found that the increase in plate current resulting from 
40 volts increase in plate potential can be eliminated by making the grid 3 volts more 

‘ negative. What is the amplification factor of the tube? . 

16 . What is the amplification factor of the tube of Figs. 34 and 35 for an operating 
point in the region Ec “ —20, Eb = 200? 

17 . What is the plate resistance for the tube of Figs. 34 and 35 for the operating 
point Ec « —20, Eb *= 2(X)? 

18 . Describe how the mutual conductance of a tube at a particular operatinj 
point can be deduced from characteristic curves such as those of Fig. 34. 
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19# Two identical triode tubes are connected in parallel. How do the plate 
resistance, amplification factor, and mutual conductance of the combination compare 
with the values for the individual tubes? 

20. It is desired to operate a direct-current relay in the plate circuit of a triode 
by the application of a small d-c voltage to the grid. Two tubes are available. One 
has an amplification factor of 3 and a plate resistance of 2100 ohms, the other has an 
amplification factor of 12 and a plate resistance of 9500 ohms. Which is preferable 
from the standpoint of sensitivity if the resistance of the relay is negligible? 

21 . What will be the change in plate current through the relay with each tube in 
Prob. 20 for a change in d-c grid voltage of 0.35 volt? 

22 . Show, that the plate current of a triode with negative grid is proportional to 
(Eb 

23 . Fill in the blanks in the following table: 


Eb = 250 volts Eb = 180 volts 




Rp ohms 

Gm 

jLimhos 

Ec volts 

h ma 

Ec volts 

[ 

h ma 

Triode 1. 

3.5 


2,125 

-50 


-31.5 

31 

Triode 2. 

35 

11,300 


- 5.0 

6.0 

- 6.5 


Triode 3. 


9,500 

1,450 

-13.5 

5.0 


3.3 

Triode 4. 

1 


1,600 1 

-22 

12.6 

-16.5 

12.6 


24 . In the usual pentode tube, the suppressor grid has a rather coarse mesh. 

Discuss the effect of this on the tendency to form a virtual cathode as compared with 
a suppressor with fine mesh. * 

25. If the suppressor grid of a pentode were made positive so that it drew current, 
how would it be necessary to modify Eq. (36)? 

26 . Why is it that the suppressor-grid potential does not appear in Eq. (36)? 

27. What would be the effect on the curves of Figs. 40 and 41 if the filament tem¬ 
perature were reduced to the point where saturation occurred at about 5 ma total 
space current? In answering this question include a sketch indicating the behavior 
when saturation exists. 

28 . a. In a screen-grid tube what would be the effect of treating the screen-grid 
surfaces in such a manner as to enhance greatly the secondary emission at the screen? 

b. What would be the effect if the tube in (a) were a pentode? 

29 . Explain how the electrodes of a pentode tube could be connected so that the 
resulting tube would have characteristics corresponding to: (a) a diode, (5) a triode, 
and (c) a screen-grid tube. 

30 . If you were given a tube that might be either a pentode with the suppressor 
internally connected to the cathode, or a screen-grid tube, but you did not know which, 
what electrical tests could be made to determine which kind of tube it was? 

31. Is it possible for a virtual cathode to form in the screen-anode space of a beam 
tube? 

32 . Evaluate the coefficients Gm, Rp, and n of the pentode tube of Figs. 40 and 41 
m the vicinity of Ec =* —1.5, E,g = 100, Eb = 150. 

Evaluate for the tubes of Figs. 41 and 43. 

V-ife The amplification factor that expresses the relative effectiveness of screen 
and control-grid potentials on the total space current of screen-grid, beam, and pentode 
tubes is a geometrical constant substantially independent of electrode voltages. The 
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analogous amplification factor /u that takes into account the relative effectiveness of 
plate and control-grid potentials upon the plate current is not a geometrical constant, 
however, but rather depends upon the electrode potentials. Explain why this is. 

35 . Evaluate the negative resistance in the tube of Fig. 44 when Ee - 0, E^o = 83, 
and Eb = 40. 

36 . There are no variable-mu triodes manufactured. Explain how to obtain a 
tube having the characteristics of a variable-mu triode by a proper connection of the 
electrodes of some standard tube that is manufactured. 

37 . Describe a construction other than that shown in Fig. 48 by which a variable- 
mu characteristic could be obtained. 

38 . Under some conditions it is found that the current drawn by a positive control 
grid is negative. Explain how this can happen in a high-vacuum tube and state the 
conditions favorable to the production of a negative control-grid current. 

39 . Tubes are commonly tested for the presence of gas by observing the grid 
current when the grid is negative and the plate (and also screen in tubes having a 
screen) is positive. Explain why this is a test for gas and why the grid current 
observed will be proportional to the space current in the tube and to the gas pressure. 

40 . In evacuating a tube it is essential that all metal and glass parts be heated 
during the exhaust period to temperatures higher than will be reached during normal 
operation. Explain the reason for this requirement. 

41 . a. If the plate current of a diode were exactly proportional to the plate 
voltage, what would be the value of the exponent a in Eq. (43)? 

h. If the curve of plate current plotted as a function of anode voltage in a diode is 
a section of a parabola, what value would the exponent a in Eq. (43) have? 

42 . Write Eq. (48) for the following special cases, omitting the a coefficients that 


are zero: (1) when the plate current Ip is exactly proportional to (^Eg -f in the 
vicinity of the operating point, and (2) when the plate current Ip in the vicinity of the 


operating point varies in such a way 

is a section of a parabola. 

43 . Write an equation analogous to Eq. (48) but giving the relation between a 
change Ep in the plate voltage and the resulting change Ip in the plate current for a 
diode about an operating point where the plate voltage and current are Eb and ht 
respectively. 


that the curve of Ip as a function oi [Eg 
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VACUUM-TUBE AMPLIFIERS 

37, Vacuum-tube Amplifiers. —A vacuum tube is able to function 
as an amplifier because of the fact that a voltage representing little or no 
energy applied to the grid of the tube is able to control a comparatively 
large plate current that represents appreciable energy in the plate circuit. 

Classification of Amplifiers.-^Ampl\fiocs arc classified in ways descrip¬ 
tive of their uses and properties. Thus a voltage amplifier is an amplifier 
arranged to develop the maximum possible amplified voltage. On the 
other hand, a power amplifier has as its objective the development of as 
much energy as possible without regard to voltage. 

Another common basis of classifying amplifiers is according to the 
frequency to be amplified. This leads to the broad divisions known as 
audio-frequency, radio-frequency, video-frequency, and direct-current 
amplifiers. Audio-frequciicy amplifiers are intended for amplifying cur-T 
rents of audible frequencies, i,e., from about 15 cycles per second to , 
approximately 10,000 cycles. Frequencies higher than 10,000 to 16,000 | 
cycles per second are considered as radio frequencies, while video fre¬ 
quencies are those contained in television signals, and commonly range 
from 10 cycles up to over 1,000,000 cycles. 

Amplifiers, particularly power amplifiers, are also designated as 
Class A, Class AB, Class B, Class C, or linear amplifiers according to 
the operating conditions. The term Class A is applied to an amplifier 
adjusted so that the plate current flows continuously throughout the 
cycle of the applied voltage. This is the type of amplifier considered in 
this chapter. The remaining types of amplifiers are adjusted so that the 
plate current flows intermittently in a succession of pulses. Amplifiers 
of the latter types are considered in the next chapter. 

38. Distortion in Amplifiers. —An ideal amplifier produces an output 
wave form that exactly duplicates the input wave form in all respects 
except magnitude. An actual amplifier can fall short of this ideal by 
failing to amplify the different frequency components of the input voltage 
equally well, by introducing new frequency components not present in 

-tlje input voltage, or by making the relative phases of the different fre- 
components in the output differ from the relative phase relations 
existing in the input voltage. These effects are commonly referred to as 
frequency, non-linear (or amplitude), and phase distortion, respectively. 

91 
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Frequency distortion limits the range of frequencies that a particular 
amplifier can handle satisfactorily and ^o is one of the most important 
factors that must be considered in connection with amplifier design. A 
typical example of frequency distortion is shown in Fig. 536, where the 
high-frequency component of the original signal is discriminated against 
as a result of being amplified less than is the low-frequency component. 

Non-linear distortion limits the output voltage or power that it is 
practicable to obtain from an amplifier by causing the output to contain 

frequency components not present in 
the input wave when the amplitude of 
the signal is large. An example of 
non-linear distortion is illustrated in 
Fig. 53c, where the negative half 
cycles are amplified less than the 
positive half cycles. 

Phase distortion results whenever 
the different frequencies present in 
the input wave are not passed through 
the amplifier in the same amount of 
time. It can be shown that phase 
distortion exists if the phase shift of 
the amplifier between input and out¬ 
put when plotted as a function of fre¬ 
quency is not a straight line that 
passes through zero frequency at some 
integral multiple of tt. When phase 
^ distortion exists the input and output 
' wave shapes may appear quite differ¬ 
ent, as illustrated by Fig. 53d, even 
Fig. 53.— Series of waves showing the though the OUtput contains the same 

f'e'iuency components in the «,me 
relative amplitude as the input. 
Under many conditions the phase distortion encountered in amplifiers 
is of no practical importance. This is particularly true when the 
ultimate amplified output is to be reproduced in the form of sound, since 
the ear is not sensitive to phase relations. 

89. The Amplifier Circuit. —^Typical amplifier circuits are shown in 
Fig. 54. The signal voltage that is to be amplified is applied to the con¬ 
trol grid of the tube in series with a voltage Ec- This voltage has ^ 
polarity such as to make the grid negative with respect to the cathode 
in the absence of an applied signal, and is termed the grid-bias or (Cott¬ 
age. The variations in the plate current caused by the signal voltage 
flow through an impedance Zl that is in series with the plate-supply 
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voltage. This impedance is commonly termed the load impedance, and 
the energy dissipated in it by the variations in plate current represent 
the amplified energy. 


<oi) Triode 


(b) Pentode 


Load impedance 
fo which amplified 
energy is delivered 


Load impedance 
fo which amplified 



Fig. 64.—Basic circuits of vacuum-tube amplifiers employing triode and pentode tubes. 


In practical amplifiers it is usually desirable to obtain the bias voltage 
from the plate-supply potential rather than from a separate battery. 
This can be accomplished as shown in Fig, 55, by connecting a resistance 
between the cathode and ground and by-passing this resistance with a 


<ci) Triode 


Signal fo be 
amplified.^ 



Load in-ipedance 
j to which amph- 


Filament 1 ficd energy is 
) fra ns- de/i we red 

“/former _ 




-=Eb 

^ - Plate supply 

'i-Bias " voltage 
resistor T 


<b)Pentode 


Signal tobe^ 
amplified-!^ 



L oad impedance 
to which aniph - 
fied energy is 
delivered 

<r' 


I* 

- Plate and 
Eb screen supply 


^ voltage 

By-pass 
condenser 


^Heater supply voltage 
Flo. 66.—Vacuum-tube amplifiers similar to those of Fig. 49 except that the control 
grid is made negative with respect to the cathode by a self-bias resistance instead of a 
battery. 


condenser large enough to be an effective short circuit to alternating 
currents of the lowest frequency to be amplified. Such an arrangement 
places the cathode at a positive potential with respect to the control grid 
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and so gives the equivalent of a negative bias for the grid. The amount 
of bias obtained is the voltage drop of the total space current flowing 
through the bias resistance and is controlled by the amount of resistance. 
Further discussion of bias arrangements is given in Sec. 85. 

40. Equivalent Circuit of Vacuum-tube Amplifier. —The variations 
produced in the plate current of a vacuum tube by the application of a 
signal voltage e, to* the control grid are exactly the same variations that 
would be produced in the plate current by a generator developing a 
voltage — jue, acting inside the tube from cathode toward the plate, where 
is the amplification factor as defined by Eq. (33) or (38). This voltage 
acts in a circuit consisting of the plate resistance of the tube in series with 
the load impedance. The effect on the plate current of applying a signal 
voltage €» to the grid is exactly as though the plate-cathode circuit of the tube 
were a generator developing a voltage — mc* and having an internal resistance 
equal to the plate resistance of the tube. This leads to the equivalent circuit 
of the vacuum-tube amplifier shown in Fig. 565, which is the basis of most 
amplifier designs and calculations.^ 

The plate current Ip resulting from the application of a signal poten¬ 
tial Eg to the control grid, is found from the equivalent circuit to be:^ 


^ —yEg 

^ Rp + Zl 


(49a) 


The voltage that this current develops across the load is 


Voltage across load = IpZi 


— fiEgZr. 

lip Zl 


(495) 


^he signs are such that a positive value for Ip means a current flowing in 
opposition to the steady direct current present in the plate circuit when 
no signal is applied. 

It is sometimes convenient to rearrange Eqs. (49a) and (495) by 
dividing both numerator and denominator of the right-hand side by Rp. 
Doing this gives 


^ ^ , Zl 

^Rp 


-Grr^E. 


Rv 


Rp + Zl 


Voltage across load = —GmEg 


RpZh 

Rp -b Z 


L 


(50a) 

(505) 


‘ A rigorous proof of the equivalent amplifier circuit of the vacuum tube is given 
in Sec. 51. ' 

* In Eq. (49a) and other equations to follow, capitals are used to indicate vector 
quantities, while small letters indicate either an instantaneous quantity, or a quantity 
that may be either instantaneous or vector as desired. Thus in Fig. 66, c, can be 
either the instantaneous signal voltage or its vector, whichever is more convenient, 
whilo in Eq. (49a) E» means the vector corresponding to the signal voltage. 
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Here Gm = ^^/Rp is the mutual conductance of the tube. This form of 
the tube equations shows that the effect of applying a signal voltage to 
the control grid is also the sam<e as though the tube generated a current —ejGm 
flowing from plate toward the cathode through an impedance formed by the 
plate resistance in parallel with the load impedance. 

This leads to an alternative form of equivalent circuit, which is shown 
in Fig. 56c and which can be called the constant-current generator form of 
the equivalent circuit, as contrasted with the constant-voltage generator 
form shown in Fig. 56fe. These two are equivalent, but the constant- 
voltage generator form is commonly most convenient to use when triodes 
are involved, while the constant-current generator form is preferable 
for pentode, beam, and screen-grid tubes (where the plate resistance is 
much higher than the load resistance). 

<b) Equivalent Ampiifrcr (c) Equivalent Amplifier Circuit 

CircuitCConstant-voltage (Constant-current 

(a) Actual AmplificrCircuit Generator Form) Generator Form) 



Fi< 3, 56.“Equivalent circuits of the vacuum-tube amplifier. In the constant-voltage 
form the effect that is produced in the plate circuit by the signal Cs acting on the grid is 
taken into account by postulating that the plate circuit can bo replaced by an equivalent 
generator of voltage acting from cathode toward the plate and having an internal 

resistance equal to the plate resistance Rp. In the constant-current form the tube is con¬ 
sidered as generating a current —flowing from plate toward cathode through the 
impedance formed by the plate resistance of the tube in parallel with the load resistance. 

The equivalent circuits of the? amplifier give only those currents and 
those voltage drops that are produced as a result of the application of a 
signal voltage to the amplifier grid. The actual currents and potentials 
existing in the plate circuit are the sum of the currents and potentials 
developed in the equivalent circuit and those existing in the amplifier 
when no signal is applied. 

The equivalent circuits give the exact performance of the vacuum- 
tube amplifier to the extent that the plate resistance Rp, the amplification 
factor n, and the mutual conductance Gm, which are used in setting up 
the equivahmt circuits, are constant over the range of variations produced 
in control-grid and plate voltages by the signal voltage. Hence, when 
the signal is small, the equivalent circuit is almost exactly correct because 
the changes produced by the signal are so small that the tube coefficients 
are substantially constant. As the signal voltage increases, the error 
involved in the equivalent circuit becomes larger. However, the effects 
resulting from variations in the tube coefficients are second-order effects 
even with rather large signal voltages, so that the equivalent circuit is 
found useful for most practical conditions. 
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41. Audio-frequency Voltage Amplifiers. Resistance Coupling.— 

Voltage amplification is commonly obtained by placing a high resistance 
in the plate circuit of the amplifier tube. Practical-circuits for such 
resistance-coupled amplifiers are shown in Fig. 57o. Here Rc, commonly 
termed the coupling resistance, is the high resistance placed in the plate 


(a) Actual Circuit of R«sist<ance-coupled Amplifiers 



(b) Exact Equivalent-Circuits of Amplifier 

Constant-voltage Generator Circuit Constant-current Generator Ci rcuit 

Hl- 


|rp .je'p : 

rirr r,TT 

Cg_i_ i 

1 ”T- t 

.1 

fra'T 


3 


Cp-T- 




(c) Simplified Circuits Accurate for Intermediate Frequencies 

"T 





Rgi 


<pl) Simplified Circuits Accurate for High Frequencies 

T I” 





31 


(e) Simplified Grcj^ifs Accurate for low Frequencies 

T. 





es • Signal voltage 
C0 ■ Amplified voltage 
Rp* Tube plate resistance 
- Coupl ing resista nee 
Rgl- Grid-leak resistance 
Cc - Coupling or blocking condenser 
u* AmplifVcation factor of tube 
Mutual conductance of tube 


Cp ■ Plate-cathode tube capacitance 
plus stray wiring capacitance 
^ to left of coupling condenser 
Cg * Stray wiring capacifance to 
right of coupling condenser 
plus input capacitance of tube 
or other load to which 
voltaae is delivered. 

Cs • CptCg'Total shunting capacitance 


Fig. 57.—Circuits of resistance-coupled amplifiers together with equivalent circuits and 
simplifications of the equivalent circuits useful in making amplifier calculations. The 
constant-voltage generator circuit is used with the triode tube, and the constant-current 
generator form of the equivalent circuit is used for the pentode tube. 


circuit. The alternating p otential developed across this resistance by 
the amplified signal currents is separated from the direct-current voltage 
drop across the resistance by mean^ of a grid-leak resistance Rgi and a 
coupling condenser Cc> 

The most important property of the resistance-coupled amplifier is 
the way in which the amplification varies with frequency. Such a charac- 
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teristic is shown in Fig. 58 for a representative case. This curve has as 
its distinguishing feature an amplification that is substantially constant 
over a wide range of frequencies, but which drops off at both very low and 
very high frequencies. The falling off, at very low frequencies is a result 
of the fact that the high reactance which the coupling condenser Cc offers 
to low frequencies consumes some of the low-frequency voltage that 
would otherwise be developed across the grid leak. The reduction in 
amplification at high frequencies is caused by the tube and stray capaci¬ 
tances which shunt the coupling and grid-leak resistances. These capaci¬ 
tances have low enough reactance at high frequencies to lower the effective 
load impedance, with a consequent reduction in the voltage developed 
at the output. 



Fig. 68.—Variation of amplification with frequency in a typical resistance-coupled pentode 

amplifier. 

Analysis and Calculation of Amplification Characteristic .—^The charac¬ 
teristics of an amplifier are calculated by replacing the tube by its equiva¬ 
lent circuit and then analyzing the resulting electrical network. Either 
form of equivalent circuit can be employed, with the constant-voltage 
arrangement more convenient for triode tubes and the constant-current 
arrangement more satisfactory for pentode and other tubes having very 
high plate resistances. 

Equivalent circuits of a resistance-coupled amplifier showing all 
essential circuit elements are given in Fig. 576 for both methods of repre¬ 
senting the tube characteristics. The resulting circuits are quite com¬ 
plicated, but can be simplified by considering only a limited range of 
frequencies at a time. Thus in the middle range of frequencies the react¬ 
ance of the coupling condenser Cc in an ordinary amplifier will be so 
small as to be the practical equivalent of a short circuit as compared with 
the grid-leak resistance, whereas the reactance of the shunting capaci¬ 
tances will still be so high as to be the practical equivalent of an open 
circuit. Under such conditions the equivalent circuits take the form 
shown in Fig. 67c. A very simple calculation based upon these circuits 
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shows that the amplification in the middle range of frequencies is given 
by the equations; 

For constant-voltage generator circuit (most suitable for triodes): 

Amplification in middle 
range of frequencies 




eo 


= M 


Rl 


Rl + Rp 


(51a) 


For constant-current generator (most suitable for pentodes): 

Amplification in middle 
range of frequencies 



(516) 


where 

yL = amplification factor as defined by Eq. (33) or (38) 
Gm = mutual conductance as defined by Eq. (35) or (40) 


Rl = 


Rea = 


RcR 


0l 


= resistance formed by coupling resistance Rc and 


Rc + Rgl 
grid-leak resistance Rgi in parallel 
R. 


1 + — + ^ 


= equivalent resistance formed by plate resist¬ 


ance, grid-leak resistance, and coupling resistance, all in parallel. 
At high frequencies it is necessary to take into account the effect of 
the capacitances shunting the coupling and grid-leak resistances. This 
leads to the equivalent circuit of Fig. 57d, which is applicable at high 
frequencies.^ 

For this circuit* 


Actual amplification^ 
at high frequencies j 1 

Amplification ini “ 
middle range j 


(52a) 


' Equation (52a) is derived by applying Th6venin’s theorem to the network to the 
left of the shunting capacity C, in Fig. 57d. According to Th6venin’s theorem this 


Actual Circuit Equivalent Circuit 



Fio. 69.—Simplification of the circuit of Fig. 57d by the use of Th6venin’s theorem to 
replace the portion of the actual circuit shown in the dotted rectangle by the simple network 
in the dotted rectangle of the equivalent circuit. 


network can be replaced by an equivalent generator in series with a resistance, as 
ahown in Fig. 27. The voltage of the generator is the voltage appearing across the 
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where 

X, = 2TrfC ~ reactance of total shunting capacitance Cb 

Req = resistance formed by plate, coupling, and grid-leak resistances, 
all in parallel. 

The extent to which the arhplification falls off at high frequencies is therefore 
determined by the ratio which the reactance of th^ shunting capacitance Cb 
hears to the equivalent resistance obtained by combining the plate resistance, 
coupling resistance, and grid-leak resistance in parallel. This loss of 
amplification at high frequencies can be estimated by the fact that at the 
frequency which makes the reactance of the shunting condenser equal 
the equivalent resistance formed by Rp, Rc, and R^i in parallel, the ampli¬ 
fication drops to 70.7 per cent of its middle-frequency range value. The 
amount of falling off at other frequencies as calculated from Eq. (52a) 
is given in the universal amplification curve of Fig. 60. 

At low frequencies the shunting capacitance has such a high react¬ 
ance as to be equivalent to an open circuit, but the reactance of the 
coupling condenser Cc becomes sufficient to cause a falling off in the 
amplification. The equivalent circuit under these conditions hence takes 
the form shown in Fig. 576. A manipulation of the relations existing 
in this circuit shows that 


Amplification at 
low frequencies 
Amplification in 
middle range 




(52b) 


where 

2irfC ~ reactance of coupling condenser Cc 
H = Rgi + = Rgi H-= resistance formed by grid 

lie I 1 I -Uc 

leak in series with the combination of plate and coupling resist¬ 
ances in parallel. 


condenser terminals when the condenser is open-circuited, and so is the output voltage 
in the middle range of frequencies as given by Eqs. (51o) and (516). The internal 
resistance of the generator is the resistance formed by plate, coupling, and grid-leak 
resistances, all in parallel, and so is Rtq. Referring to Fig. 59 it is apparent that the 
amplification at high frequencies is 

High-frequency/ X, _ n n 1 

amplification \ 

Dividing this by Eq. (616) gives Eq. (52a). 
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The extent to which the amplification falls off at low frequencies is therefore 
determined by the ratio of the reactance of the coupling condenser to the equiva¬ 
lent resistance obtained by combining the grid leak in series with the parallel 
combination of coupling resistance and plate resistance. This loss of ampli¬ 
fication at low frequencies can be estimated by the fact that, at the 
frequency that makes the reactance of the coupling condenser equal the 
equivalent resistance Rf the amplification falls to 70.7 per cent of its 
value in the middle range of frequencies. The amount of falling off at 
other frequencies as calculated from Eq. (526) is given in the universal 
^amplification curve of Fig. 60. 



Fig. 60.—Universal amplification curve stowing how the amplification of a resistance- 
coupled amplifier falls off at high and low frequencies. 

Universal Amplification Curve. —The curve of Fig. 60, which gives 
the falling off in amplification at high and at low frequencies, can be 
thought of as a universal amplification curve because it applies to all 
resistance-coupled amplifiers. 

The procedure for obtaining the amplification characteristic by using 
the universal amplification curve is: first, calculate the amplification 
in the middle-frequency range, using Eq. (51a) or (516); second, calculate 
the frequencies that give XJR convenient values, and then use the 
universal amplification curve to get the low-frequency falling off; and 
finally, estimate the total shunting capacity calculate the frequencies 
at which XJReq has convenient values, and then get the high-frequency 
response with the aid of the universal amplification curve. 

Example.—If the above procedure is applied to the circuit constants of Fig. 68, 
the amplification in the middle range of frequencies is found by substitution in Eqs. 
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(51a) and (516) to be 


Amplification in / 
middle range ) 


= GmReq = 414 X 10"® X 238,000 - 98.4 


where 


R. 


500,000 

500,000 500,000 

^ 500,000 5,000,000 


= 238,000 ohms 


At low frequencies, referring to Eq. (526), the amplification falls to 70.7 per cent 
of the middle-range value when the frequency is such as to make the reactance of the 

R 

coupling condenser equal to R - Rgi -^ = 955,000 ohms. This is when 

1 

JtCp 

f = l/2wCR = 33.4 cycles. From Fig. 60 one finds that at frequencies of 66.8, 16.7, 
and 6.7 cycles (which are, respectively, 2, 0.5, and 0.2 times 33.4 cycles) the amplifica¬ 
tion Is 0.90, 0.45, and 0.20 times the middle-frecpiency range value of 98.4, or 88, 44, 
and 20, respectively. 

At high frequencies the amplification falls to 70.7 per cent of its middle-range value 
when the reactance of the shunting capacitance C, equals R»q [see Eqs. (516) and (52a)]. 
This is at a frequency / such that 


^ 2tC\R., 2ir X 70 X 10--‘* X 238,000 

By use of Fig. 60 it is found that at frequencies of 4,780, 19,120, and 47,800 cycles the 
amplification is 0.90, 0.45, and 0.20 times the middle-frequency range value of 98.4, 
or 88, 44, and 20, respectively. 


Factors Affecting the Design and Performance of Resistance-coupled 
Amplifiers, —Both triode and pentode tubes are employed in resistance- 
coupled amplifiers, with the latter being generally preferred. Pentodes 
used for this purpose are ordinarily small tubes having a sharp cut-off 
(not a variable-mu characteristic). Triodes used in resistance-coupled 
amplifiers usually have a high amplification factor. 

The coupling resistance Rc used with pentode resistance-coupled 
amplifiers intended for audio-frequency amplification iS normally 250,000 
to 500,000 ohms. Lower values reduce the equivalent load resistance 
Req in Eq. (51) and result in lower amplification, although there is a 
corresponding improvement in the high-frequency response. Higher 
values require that the plate current, and hence the mutual conductance, 
be excessively low. This is because an excessive fraction of the plate- 
supply voltage will otherwise be consumed as voltage drop in the very 
large coupling resistance. Triodes having amplification factors of the 
order of 100 call for coupling resistances that are about the same values 
as those used with pentodes, whereas with triodes having lower amplifica¬ 
tion factors the coupling resistance is reduced in proportion. 

The grid-leak resistance should be as high as possible to minimize its 
shunting effect upon the coupling resistance. At the same time, the 
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grid-leak resistance is in series with the grid circuit of the tube to which 
the amplified voltage is delivered and so must not exceed the maximum 
allowable value that can be placed in series with the grid.^ 

The coupling-condenser capacitance is chosen to give the desired 
low-frequency response with the grid-leak and coupling resistances 
employed. The low-frequency response will be better the larger the; 
coupling condenser, and there is no difficulty in obtaining substantially 
constant response down to frequencies of a few cycles per second. It is 
undesirable, however, to make the low-frequency response any better 
than actually required, even if this can be done without difficulty. This 
is because the better the low-frequency response the greater will be the 
difficulty from regeneration at low frequencies, as discussed in Sec. 47. 

The coupling condenser must have low leakage to direct-current 
potentials. This is because leakage in the coupling condenser allows a 
direct current to flow through the grid leak, and the resulting voltage 
drop in the grid leak biases the grid of the next tube positively. Low 
leakage is especially important when the circuit proportions are such as 
to give an unusually good low-frequency response, for then the capaci¬ 
tance and grid-leak resistance are both large. 

The high-frequency response is determined by the equivalent load 
resistance, Req in Eq. (52a), and the shunting capa(;itances. With pen¬ 
tode tubes and high-mu triodes using coupling resistances of the order of 
250,000 to 500,000 ohms, the high-frequency response will usually be 
satisfactory for high-fidelity audio-frequency systems. The only excep¬ 
tion is when the amplified voltage is delivered to triode tubes which 
have high input capacitance. 

The expected high-frequency re.jponse of a resistance-coupled amplifier 
can be calculated on the basis of stn estimated shunt capacitance. This 
Capacitance consists of that due to wiring, which can normally be kept 
to less than 10 /x^if if care is taken, plus the output capacitance of the 
amplifier tube and the input capacitance of the tube to which the ampli- 

^ With any particular tube the resistance that it is safe to place in series with the 
grid is limited by the possibility of grid current from ionization of residual gas. The 
polarity of this grid current is such as to produce a voltage drop in the grjd-circuit 
resistance that reduces the negative grid bias. If the grid-circuit resistance is too 
high the reduction in bias may increase the space current (and hence the ionization) 
to the point where the process becomes cumulative and destruction of the tube 
results. 

With all small tubes, other than power tubes, the maximum resistance that can 
be safely placed in series with the grid is usually of the order 1 megohm. With power 
tubes the maximum allowable resistance varies with different types of tubes, and also 
depends on whether or not self-bias is used. With self-bias the allowable resistance 
is of the order of 250,000 to 1,000,000 ohms. With fixed bias the maximum per¬ 
missible grid-circuit resistance is so low that resistance coupling to power tubes with 
fixed bias is usually not recommended. 
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fied voltage is delivered. This output capacitance commonly ranges 
from 3 to 12 jujuf, depending upon the design of the tube, while the input 
capacitance will be about 4 to 7 /x^f for pentodes and screen-grid tubes, 
and considerably larger for triodes.^ 

When the usual circuit proportions give an excessive falling off in 
amplification at high frequencies, it is necessary to reduce the coupling 
resistance in the case of pentode tubes. With triodes it is possible either 
to lower the coupling resistance or to use a tube having a lower plate 
resistance. It will be noted that the use of any of these expedients to 
imi)rove the relative flatness of the amplification curve at high frequencies 
is accompanied by a reduc^tion in the mid-frequency amplification. 

The electrode voltages of a resistance-coupled amplifier must be care¬ 
fully selected to insure proper operation. The control grid should be 
biased sufficiently negative to prevent the grid from drawing current at 
any time. This requires a bias about 1 volt greater than the crest signal 
voltage in order to overcome the velocity with which the electrons are 
emitted, and to take care of contact potentials. The plate-supply volt¬ 
age is preferably as high as possible, but practical circumstances place a 
limit of 200 to 300 volts under ordinary conditions. In pentodes the 
screen-grid potential must be so chosen in relation to the grid bias that 
the voltage drop of the resulting plate current in the coupling resistance 
will not consume more than one-half to two-thirds of the plate-supply 
voltage. If the adjustment is such as to give a larger plate current, the 
drop in the coupling resistance is so great that the voltage left over for 
the plate of the tube will be very nearly zero. A virtual cathode then 
forms in front of the suppressor, and the amplifying action is largely lost. 
It is hence necessary to reduce the plate current of a pentode as the 
coupling resistance is increased, a point which inexperienced designers 
commonly overlook. 

Practical Designs of Rcsistance-coupled Amplifiers .—A number of 
designs of resistance-coupled amplifiers suitable for audio-frequency 
service are given in Table VI. These indicate reasonable proportions 
for amplifiers employing pentodes and high-mu triodes. 

' To a first approximation the input capacitance of a triode tube is given by the 
ecpiation 


Input capacitance = €„/ 4- rp;,(l + A) (53) 

where C„/ is the grid-cathode capacitance, Cgp is the grid-plate capacitance, and A 
is the ratio of alternating voltage across the load impedance in the plate circuit of the 
output tube to the signal voltage applied to the control grid. A cannot exceed the 
amplification factor fx of the tube and will normally be at least one-half the amplifi¬ 
cation factor. Equation (53) is a simple form of Eq. (68) and is exact for the special 
case where the load is a resistance. 
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Table VI.—Typical Designs op Resistance-coupled Amplifiers^ 


Hate Bupiily, volts. 

Soreea supply, volts. 

Oootrol^srid bias, volts. 

Cathode reaistcMr, ohms. 

Plate redstor, megohms. 

Chrid redstor, megfduns. 

Plate oorrent, milliamperes. 

Plate voltage as per cent of plate 

supply. 

Vdtage ami^ifioation. 

Ou^t voltage (peak vdts) with 
only little distortion. 


Pentode 57.77, and 6Cd tubes 


Triode section of 2A0 and 75 tubes 



180 

250 


180 

250 


mm 

KM 

— 

50 

52 








-1.25 


-1.55 

-2.1 

-2.3 




-1.30 

-1.85 

-1.35 


7,260 





nwRi 





BE!!!] 

0.26 


RQI 


HR 


0.25 

HQI 


0.60 

0.25 

0.50 





HR 

HR 


HQ 




0.50 

0.23 




wM 


0.00 

HQ 




0.24 

42.5 

35.0 

47.2 

33.3 

H| 


77.6 


66.6 

61.1 


52.0 

54 

53 

02 

03 

fM 

IQ 

36 

37 

56 

55 

59 

58 

22 

23 

44 

48 

65 

65 

17 

17 

36 

34 

41 

40 


* These designs represent reoonunendations of RCA Radiotron Company. 


42. Audio-frequency Voltage Amplifiers. Transformer Coupling.— 

In the transformer-coupled amplifier the primary of a step-up transformer 
is connected in the plate circuit of the tube as shown in Fig. 61a. Com¬ 
pared with the resistance-coupled amplifier, this arrangement has the 
advantage of introducing negligible direct-current resistance in the grid 
circuit of the tube to which the amplified voltage is delivered. The 
transformer-coupled arrangement also adapts itself much more readily 
to the excitation of push-pull amplifiers than does resistance coupling. 

The most important characteristics of a transformer-coupled amplifier 
are the amount of amplification and the way in which this amplification 
varies with frequency. A typical amplification curve is shown in Fig. 62. 
It has as its distinguishing features a relatively constant amplification in 
the middle range of frequencies,^^a falling off at low frequencies, and a 
falling off at high frequencies. 'The lovss in amplification at low fre¬ 
quencies results from the low reactance that the primary has at low 
frequencies, whereas the behavior at high frequencies is a result of the 
action of the leakage inductance and effective secondary capacitance of 
the transformer. The useful frequency range depends largely upon the 
design of the transformer and can be readily made to cover voice fre¬ 
quencies. Difficulties are encountered in amplifying very low and very 
high frequencies, however, and resistance coupling is accordingly pre¬ 
ferred where very wide frequency bands are involved. 

‘ Analysis of Transformer-coupled Amplifiers Used with Triode Tubes ,— 
The behavior of a transformer-coupled amplifier can be determined by 
replacing the tube and transformer by equivalent electrical circuits and 
analyzing the resulting network. The transformer itself is a complicated 
combination of resistances, inductances and capacitances. For practical 
amplifier analynis it can, however, be replaced by the simple unity-tum- 
ratio network of Fig. 616, in which the essential elements are the primary 
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(a) Circuit of TKansformcrt 
coupled Amplifier 



(b) Prac+ical Equivalent Circuit of 
Transformer-coupled Amplifier 
Reduced to Unity turn Ratio 


iXtr 

-tk 








(c) Simpflified Equivalent Circuit (d) Simplified Equivalent Circuit 
Accurate for Middle Range of Accurate atLow Frequencies 

Frequencies 




T 

is 

n 

Jl 


(e) Simplified Equivalent Circuit 
Accurate at High Frequencies 


Rp 

Rc 

% 

R\ 

U, 

Ls 



Notation 


S late resistance of tube 
irect-current resistance of primary 
primary leakafi^e inductance 
incremental primary inductance 
resistance of seconoary winding 
secondary leakage inductance 


L', 


"h L*p 


total leakage inductance re¬ 


ferred to primary side 


C'$ = secondary distributed capacitance 
C'g « input capacitance of tube to which voltage 
Co is delivered 

n = ratio of secondary to primary turns 
n =* amplification factor oi tube 
C. = n*(C/ -f Cg') 


Fig. 61.—Actual circuit of a transformer-coupled amplifier, together with equivalent 

circuits. 



Fig. 62.—Variation of amplification with frequency in a t 3 rpical transformer-coupled 

amplifier. 
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inductance, the total leakage inductance, the effective capacitance in 
shunt with the secondary, the turn ratio, and the winding resistances.^ 
In the middle range of frequencies the reactances of the primary 
inductance and of the secondary capacitance are so high as to be sub¬ 
stantially open circuits. The equivalent circuit then reduces to the 
simplified form of Fig. 61c, from which 

Amplification in middle 
range of frequencies 

At low frequencies the reactance of the primary inductance falls off, so 
that this circuit element can be no longer neglected. This leads to the 
equivalent circuit of Fig. 61d, which is applicable to low frequencies, and 
from which a simple analysis shows 

Amplification at lowl ^ _ 1 __ 

frequencies j c« ^^[1 + (Rp /coLpY]^^^ ^ 


eo 

= — = /in 
Cs 


(55) 


Here o)LplRp' is the ratio of the reactance of the primary inductance to 
the resistance formed by the plate resistance of the tube plus the direct- 
current resistance of the primary winding (i.c., the effective plate resist¬ 
ance). Examination of this equation shows that the falling off in response 
at low frequencies is determined only by the ratio of primary reactance 
to effective plate resistance, and that the response falls off to 70.7 per cent 
of its mid-range value pn at the frequency for which the reactance of the 
primary inductance equals the effective plate resistance Rp\ The results 
of lilq. (56) are plotted in the low-frequency portion of Fig. 63, from which 
one can obtain the falling off at qther low frequencies. 

^ For the greatest accuracy there should also be included a resistan(;e Re shunted 
across the primary inductance to represent eddy-current losses. This resistance is 
so high as to have only a small shunting effect, however, and so need not be considered 
unless extreme accuracy is required. 

The effect of such a resistance shunted across the transformer can be readily 
allowed for by considering the resistance to be part of the tube and then applying 
Th^venin*s theorem to the network consisting of tube and shunting resistance. 
Doing this shows that the effect of the eddy-current resistance Re can be taken into 
account by using slightly reduced values of Rp and m in Fig. 616 and EqS. (55), (56), 
and (57), according to the relations: 

Effective /u when taking 
into account Re 

Effective Rp' when taking j 
into account Re \ 


actual fx of tube 

1 +:^ 

^ R. 

actual value of Rp 


1 + 


Rp 


(54o) 

(546) 


where Rp' is defined as in Fig. 61. 
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At high frequencies the reactance of the capacitance C, in shunt with 
the secondary can no longer be neglected, and the effect of the leakage 
inductance upon the current drawn by this capacitance must also be 
considered. This leads to the equivalent circuit of Eig. 61^, which is 
applicable to high frequencies and is essentially a series resonant circuit 
having a high resistance. The behavior at high frequencies depends 
upon the resonant frequency of this series circuit, and the Q at resonance. 
An analysis shows that 

Amplification at) _ co _ ^ 1/coC^ 

high frequencies) c, / / 

{Rp + RaY + yCt)Ls 

1 

= fJLU -- :~- 

Viy/QoY + ( 7 ^ - ly 

where 

_ actual frcqiiency 

series resonant frequency of and La 

Qo = = circuit Q at the frequency for which C» and La are 

Up ■+- Ka 

in series resonance. 

The remaining symbols are as defined in Fig. 61. 

The results of Eq. (57) are plotted in the high-frequency portion of Fig. 
63. It is seen from this figure that the most uniform response in the 
high-frequency range is obtained when the Q of the series resonant circuit 
at the resonant frequency has a value of 0.85 to 0.90. Lower values of 
Q cause a falling off in the high-frequency response, while higher values 
introduce a high-frequency peak. 

Universal Amplification Curve ,—The curve of Fig. 63 can be thought 
of as a universal amplification curve since it applies to all transformers. 
The use of this curve in practical amplifier calculations is indicated by the 
following example. 


—T, (57a) 

J Y 

wC,/ 

(576) 


Example.—Calculate the amplification curve of Fig. 02 from the circuit constants 
given in the illustration. 

The amplification in the middle range of fretpiencies is found by Eq. (55) to be 
Ain = 8.5 X 3 == 25.5. At the low frequencies Eq. (56) shows that the amplification 
falls to 70.7 per cent of nn when wLp = Rfy or when/ = 16,3,50/27r X 40 = 65.2 cycles. 
From the universal amplification curve, Fig. 63, it is found that the amplification at 
frequencies of 0.2, 0.5, and 2.0 times this frequency is, respectively, 0.20, 0.45, and 
0.90 times /un. Therefore the amplification at frequencies of 13.0, 32.6, 65.2, and 130.4 
cycles is 5.1, 11.5, 18.0, and 22.0, respectively. For calculation of the high-frequency 
response, the series resonant frequency of L, and C* is found to be 


1 10 « 
(2irVITK) “ (27rv'o.4 X iedb) 


6300 cycles. 
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From Eq. (57), Qo = + R.) = 2ir6300 X 0.4/(16,350 + 944) =» 0.914, where 

R, =■ 8480/3* = 944. Reference to Fig. 63 for this value of Qo shows that at 
0.2, 0.5, 1.0, and 2.0 times the series resonant frequency, the amplification is 1.0, 1.10, 
0.914, and 0.27 respectively, times nn. Therefore at frequencies of 1260, 3150, 6300, 
and 12,600 cycles, the amplification is 25.5, 28.1, 23.2, and 6.9 respectively. From 
these calculated values of amplification and the values previously obtained for low fre¬ 
quencies, a curve of amplification as a function of frequency can be plotted as shown 
in Fig. 62. 

Discussion of Amplifier Characteristics .—The low-frequency response 
on a transformer-coupled amplifier is determined largely by the incre¬ 
mental inductance of the transformer primary when the direct-current 



cj Lp Peoc+ancc of primary * Actual frequency 

R'p Effective p'ate resistance ^ Series resonant frequency of L^anp Cs 


Fiq. 63.—Universal amplification curve of transformer-coupled amplifiers. 

saturation is that produced by the plate current of the tube. This means 
that for best low-frequency characteristics the transformer must have a 
large number of primary turns. This calls either for a transformer that 
is physically large or one in which most of the winding space is allotted 
to the primary and which therefore has a low turn ratio. 

A good high-frequency response requires that the resonant frequency 
formed by the capacitance effectively shunting the secondary and the 
leakage inductance should be as high as possible. This condition can be 
realized by proper design of the windings and by keeping to a minimum the 
capacitance of the load connected across the transformer secondary. The 
capacitance of a tube connected across the transformer secondary is 
often quite important, since with triode tubes the input capacitance is 
commonly of the same order of magnitude as the distributed capacitance 
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of the transformer. The best high-frequency response is obtained by 
employing a low turn ratio, which means sacrifice in amplification, and 
by keeping the physical size of the transformer small, which means poor 
low-frequency response. Actual transformers must therefore compromise 
between good high-frequency response, high gain, and good low-frequency 
response. 

The frequency range of an audio transformer can be very materially 
extended by improving the core material. Better core material makes it 
possible to obtain a greater primary inductance without changing the 
windings in any respect, and hence without changing the leakage induc¬ 
tance and distributed capacitance. Conversely, better core material 
makes it possible to obtain the same primary inductance with a trans- 



too high nor too low but is rather properly matched to the transformer. 

former that is physically smaller, and which hence has a higher series 
resonant frequency. 

There is always a proper plate resistance to use with any particular 
transformer. This is the resistance which makes the effective Q at the 
series resonant frequency of the secondary slightly less than unity. A 
lower plate resistance improves the low-frequency response but introduces 
a high-frequency peak, whereas a higher plate resistance makes both 
high- and low-frequency responses fall off more rapidly. This is shown 
in Fig. 64. 

It is apparent from the above discussion that the tube and transformer 
must cooperate with each other to produce the desired result. Most 
audio-frequency transformers are designed to operate in the plate circuits 
of triodes having plate currents of 2 to 8 ma and plate resistances of the 
order 8000 to 16,000 ohms at the operating point. These conditions 
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correspond to a general-purpose tube having an amplification factor of 
8 to 20, and represent the situation that has been found to be most satis¬ 
factory with transformer coupling. The plate current is then low enough 
to prevent excessive direct-current saturation in the transformer primary, 
the plate resistance is low enough to insure the possibility of a satisfactory 
low-frcquency response, and large output voltages can be developed 
without distortion. 

Design of Transformer-coupled Amplifiers. —In practical transformer- 
coupled amplifiers, stock commercial transformers are ordinarily pur¬ 
chased. The manufacturer normally gives the proper plate resistance 
to use and the approximate frequency range that can be expected. About 
the only thing that the amplifier designer can do is hence select a trans¬ 
former .suitable for his purposes and match to the tube by adjusting the 
grid bias to get the optimum plate resi.stance. 

In cases where specifications can be laid down for the transformer, 
the design procedure consists in selecting a tube, determining an incre¬ 
mental primary inductance that will give the desired low-frequency 
response when working with this plate resistance, specifying a series 
resonant frequency for the secondary that will .give the desiretl high- 
frequency range, taking into account the fact that part of the capacitance 
C, is supplied by the input capacitance to which the amplified voltage is 
applied, and specifying the leakage inductance of the transformer when 
reduced to unity turn ratio. The turn ratio is then made as high as po,ssi- 
ble, but the exact value will generally be fixed by the other requirements. 

Determination of Transformer Characteristics. —The incremental 
inductance of the transformer primary can be determined by measuring 
at a moderately low frequency, u,sing the appropriate direct-current 
saturation. The leakage induct'ance reduced to unity turn ratio is the 
inductive reactance between primary terminals observed at any con¬ 
venient frequency, such as 1000 cycles, when the secondary terminals 
are short-circuited. The resonant frequency of the secondary can be 
obtained by applying a Constant voltage of adjustable frequency to the 
primary of the transformer while observing the potential across the 
secondary with a vacuum-tube voltmeter or output tube. The series 
re.sonant frequency will then be the frequency for which the secondary 
voltage is maximum, and this together with a knowledge of the leakage 
inductance will make it possible to calculate the secondary distributed 
capacitance C,'. The turn ratio can be measured by observing the 
secondary voltage by a vacuum-tube voltmeter when a known voltage of 
moderate frequency is applied to the primary. The effective shunting 
resistance R, that takes into account eddy-current losses can be deter¬ 
mined by measuring the effective impedance between primary terminals 
*at 1000 cycles, with the secondary open. If the resulting imoedance 
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is expressed as a reactance shunted by a resistance, the resistance will 
represent Re with an accuracy sufficient for all ordinary purposes. 

Transformer-coupled Amplifiers Using Pentode Tubes ,—While trans¬ 
former-coupled amplifiers ordinarily employ triode tubes, it is possible to 
use pentode tubes, provided a resistance is shunted across the primary 
as shown in Fig. 65. This resistance should equal the plate resistance 
with which the transformer is designed to operate. When this is the 
case, the frequency-response characteristic will be the same for triode 
and pentode cases, and the amplifications will be in the ratio of the mutual 
conductances for the tubes involved. 


(ci) Actual Circuit (b) Equivalent Grcuit 



Fig. 65.—Circuit of transformer-coupled amplifier using a pentode tube. The resist¬ 
ance shunted across the primary of the transformer should equal the plate resistance that 
would be used if the tube were a triode. 


43. Audio-frequency Voltage Amplifiers. Miscellaneous Coupling 
Methods. —While most audio-frequency voltage amplifiers employ either 
resistance or transformer coupling, other coupling methods are occa¬ 
sionally used. The most important of these are illustrated in Fig. 66, 
and include the resistance-inductance-coupled amplifier, resistance 
coupling with a grid choke, transformer coupling with shunt feed, imped¬ 
ance coupling, and coupling with input transformer. 

The resistance-inductance-coupled amplifier is the same as the resist¬ 
ance-coupled amplifier except for the addition of a small inductance Lc 
in series with the coupling resistance, as shown in Fig. 66a. This induct¬ 
ance has no effect at low frequencies, but when properly proportioned 
will make the high-frequency response substantially constant up to 
higher frequencies than would otherwise be the case. Analysis shows 
that to obtain a flat response up to some particular frequency using 
pentode tubes, the coupling resistance should equal the reactance of 
the shunting capacitance at this frequency, and the inductance in series 
with the coupling resistance should at this same frequency have a react¬ 
ance equal to half the coupling resistance. The grid-leak resistance 
should be much higher than the coupling resistance. With these pro¬ 
portions the amplification is substantially constant up to the desired 
frequency with negligible phase distortion. Amplifiers using resistance- 
inductance coupling find their chief use in television work. 
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Resistance-coupled amplifiers employing a grid choke are used when 
the amplified voltage is to be applied to a tube, such as a power tube, in 
which the maximum direct-current resistance that it is permissible to 
connect in series with the grid circuit is small. The low-frequency 
response of such an amplifier is normally determined by the inductance 
of the grid choke, the 70.7 per cent response point coming at the frequency 
where the inductive reactance of the choke is equal to the resistance 
formed by the plate and coupling resistances in parallel. It is possible, 
however, to modify the response at low frequencies by using a coupling 
condenser small enough to resonate with the grid choke at a moderately 


(a) Resistance-induc+ance- (b) Resistance- col^ led 
coupled Amplifier Amplifier with (5rid 

Choke 



{c) Transformer-coupled 
Amplifier wifh Shunt 
Feed 



id) Impedance- 
coupled 
Amplifier 


T"0 1 1 

1 I i 

1 ; 
6$ p ; ? ^gl J 

i 

f ' 

i-ll.. f . 

L-l-i 


(e) Input-transformer 
Coupling 


Lfn9 

Genera for ^ 
voltage x_ 

Electrostatic shield 
(optional) 



Fio. 66.—Miscellaneous coupling methods. 


low frequency. In this way one may peak the response at moderately 
low frequencies. 

The transformer-coupled amplifier with shunt feed, illustrated in 
Fig. 66c, is used where it is desired to avoid direct-current saturation 
•in the primary winding of the transformer. Such an arrangement is 
frequently used when the transformer core is of permalloy or other similar 
alloy, and is also sometimes used with output transformers. The shunt- 
feed arrangement makes it possible to employ a core assembled in such a 
way as to have negligible air gkp. This gives a correspondingly high 
primary inductance without affecting the leakage inductance or the 
distributed capacitance of the transformer. The shunt-feed choke, 
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though in parallel with the primary of the transformer, can be made 
large enough to carry the d-c plate current and still have a high incre¬ 
mental inductance. At the same time the choke contributes nothing to 
the leakage inductance and secondary capacitance of the transformer, so 
does not affect the high-frequency response. 

The impedance-coupled amplifier illustrated in Fig. 66d is occasionally 
employed. It has a frequency-response characteristic similar to that 
obtained with resistance coupling, with the falling off at low frequencies 
being caused by low reactance of the coupling inductance, and at high 
frequencies by the effect of the shunting capacitance. 

An input transformer is used when it is desired to couple the grid of a 
tube to a transmission line or to a generator having a low internal imped¬ 
ance, as shown in Fig. 66e. Such an arrangement is essentially equivalent 
to an ordinary interstage coupling transformer as discussed above, with 
the internal impedance of the line (or generator) taking the place of the 
plate resistance of the tube. The only difference is that this generator 
resistance is commonly much smaller than the plate resistance of ordinary 
tubes. 

The internal impedance of the generator supplying the power to an 
input transformer is customarily termed the line impedance. Thus an 
input transformer designed to operate with a microphone having an 
internal impedance of 4 ohms would be said to be designed to operate 
from a 4-ohm line, since a transmission line connecting the microphone 
to the transformer would appear to the transformer primary to have 4 
ohms impedance. 

44. Tuned Voltage Amplifiers. —In a tuned amplifier the load imped¬ 
ance is supplied by a resonant circuit,* using parallel resonance to obtain 
the necessary high impedance. Such amplifiers find their principal use 
in the amplification of radio frequencies. Tuned radio-frequency voltage 
amplifiers practically always employ radio-frequency pentode tubes. 
These tubes provide complete electrostatic shielding between the plate 
and control-grid electrodes, and give more amplification than do other 
tubes that might be employed. 

Analysis of Typical Tuned-amplifier Circuits ,—Typical tuned-ampli¬ 
fier circuits are illustrated in Fig. 67. The simplest of these is the direct- 
coupled arrangement shown at Fig. 67a and will be considered first 
because it illustrates the principal properties of tuned amplifiers. The 
exact equivalent circuit of this amplifier is shown in Fig. 686.^ From 
this, the arhplificatiou can be written down at once as 

' It will be noted that the wiring capacitance, the plate-cathode capacitance of the 
amplifier tube,* and the capacitance between grid and ground of the tube to which 
the amplified voltage is delivered all assist in tuning the coil to parallel resonance 
in Fig^ 68, but otherwise have no effect. 
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Amplification = 


^0 

E, 


= GfnZh 


(58) 


where Gm is the mutual conductance of the amplifier tube and Zl is the 
impedance formed by the tuned circuit, the grid-leak resistance, and the 
plate resistance, all in parallel. 


Ca) Direct Coupling (b)Transformer Coupling (c) Band-poiss Coupling 



Fio. 67.—Typical tuned-amplifier circuits using pentode tubes. 


The results in a typical case are shown in Fig. 67cjn the frequency 
range around resonance. Examination of Fig. 67c and Eq.* (58) shows 
that the amplification curve has the shape of a resonance curve, with the 
maximum amplification occurring at the frequency at which the tuned 
circuit is resonant when taking into account the stray shunting capaci¬ 
tances. At this frequency the parallel impedance of the resonant circuit 
is oiLQf so that Eq. (58) becomes 


Amplification at resonance 
for pentodes 


o)LQ 

o)LQ , o)LQ 
~Rp liVi 


(59a) 


The notation is as illustrated in Fig. 686, with Q being the actual Q of 
the tuned circuit. With ordinary circuit proportions the grid-leak resist- 

6a) Actual Circuit (b) Equivalent Circuit (c) Amplification 

of Amplifier Curve 



Fig. 68. —Equivalent circuit and amplification curve of a tuned amplifier with direct 
coupling. The amplification curve has the shape of a resonance curve but with an equiva¬ 
lent Q less than the actual Q of the tuned circuit. 

ance is much higher than the parallel impedance of the resonant circuit. 
In the case of pentodes a further simplification is possible as a result of 
the fact that the plate resistance may be considered as substantially 
infinite. Hence with pentode tubes Eq. (59a) can to a good approxima¬ 
tion be rewritten as 
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Approximate amplification) _ ^ 
at resonance j “ 


(596) 


The curve of amplification as a function of frequency will be found to 
have a shape corresponding to an effective Q lower than the actual Q of 
the resonant circuit. The ratio of this effective Q of the amplification 
curve to the actual Q of the tuned circuit depends upon the grid-leak 
and plate resistances associated with the tuned circuit. It is given by 
the equation' 


Effective Q of amplification curve 
Actual Q of tuned circuit 


-I I o^LQ , coLQ 

^ I I 


Rp Rgl 


(60) 


With pentode amplifiers the effective Q of the amplification curve is only 
slightly less than the Q of the tuned circuit. With triode tubes, however, 


(a) Actual Circuit (b) Equivalent Circuits 

Constant-voltage 
Arrangement 




Constant-current 
Arrangement 



Fig. 69.—Actual and equivalent circuits of tuned amplifier employing transformer coupling 


the low plate resistance makes the effective Q normally much lower than 
the actual Q of the tuned circuit. 

The transformer-coupled amplifier of Fig. 676 behaves in much the 
same way as does the direct-coupled circuit of Fig. 67a, although differing 
in details of analysis. The equivalent circuit can for all practical pur¬ 
poses be reduced to that shown in Fig. 696. This is a simple coupled 
circuit, and has already been mentioned in Sec. 15. Following the usual 
method of analyzing coupled circuits, one obtains 

Amplification at) _ ^ b)MQ ^ 

resonance f " {o^My/R. 

Rp 


In the special case of pentode tubes the plate resistance Rp is so high that 
to a good approximation Eq. (61a) can be rewritten as 

Approximate amplification 
at resonance for pentodes 

^ This ratio is simply the ratio of the impedance formed by the combination of 
tuned circuit, grid-leak resistance, and plate resistance, all in parallel, to the impedance 
of the tuned circuit. 


} 




(616) 
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With triode tubes the maximum amplification is obtained when the 
coupled impedance (wAf) is equal to the plate resistance of the tube. 
With such tubes the use of transformer coupling provides a means of 
matching the tuned circuit to the tube in such a way as to give maximum 
possible amplification. In contrast with this, the amplification with 
pentodes becomes greater the higher the coupling, because the plate 
resistance is so high that a match with the load impedance can never be 
realized. 

With transformer coupling the ratio of effective Q of the amplification 
curve to the actual Q of the tuned circuit is given by 

Effec tive Q amplification curve __1_ 

Actual Q of tuned circuit - . {p)MY/R^ 

Rp 

With pentodes the plate resistance is so high that the effective Q of the 
amplification curve is practically the same as the Q of the tuned circuit. 
On the other hand, triode tubes have such a low plate resistance that the 
amplification curve normally has a Q that is appreciably lower than the 
actual Q of the tuned circuit. 

Practical Calculation of Amplification Characteristic. —In calculating 
the amplification characteristic of a tuned amplifier, the first step is to 
obtain the amplification at the resonant frequency, using Eq. (59) or 
(61). Next, the effective Q of the amplification curve is calculated, using 
Eq. (60) or Eq. (62). Finally, the falling off in amplification at fre¬ 
quencies differing from resonance is determined by the aid of the universal 
resonance curve of Fig. 18. 

Tuned Amplifiers with Complex Coupling. —When the resonant fre¬ 
quency of the tuned circuit is adjusted by varying the capacitance, the 
direct- and transformer-coupled arrangements of Fig. 67 give an amplifica¬ 
tion that is roughly proportional to the resonant frequency. This is 
evident when the equations of amplification at resonance are examined 
and it is remembered that Q is roughly independent of frequency. This 
behavior can be overcome by coupling the amplifier Tube to the tuned 
circuit by a network that makes the equivalent coefficient of coupling 
become less as the frequency is increased. 

An example of complex coupling to accomplish this result is given in 
Fig. 70. Here Ci is a small coupling condenser, commonly only 2 or 
3 M^f, and L 2 is a relatively large primary inductance not coupled to the 
secondary. This inductance has a shunting capacitance C 2 that resonates 
it to a frequency slightly below the lowest frequency to be amplified. In 
such a circuit the equivalent mutual inductance becomes less as the 
frequency is increased above the frequency at which L 2 C 2 are in parallel 
resonance. With proper circuit proportions the effective coupling 



SBC. 44] 


VACUUM-TUBE AMPLIFIERS 


117 


between the tube and the tuned circuit becomes just enough less as the 
frequency is raised to make the amplification substantially constant over 
an appreciable range of frequencies. 

Band-pass Amplifiers ,—A band-pass characteristic such as shown in 
Fig. 24 can be realized in an amplifier by the use of two resonant circuits 
tuned to the same frequency and coupled, as shown in Fig. 71a. This 



Uo coupiing befween L 2 6c L 

Fig. 70.—Tuned amplifier with complex coupling such that the coefficient of coupling 
becomes less as the frequency is increased. 

arrangement is very desirable for the amplification of modulated waves 
because it can provide substantially constant amplification for all the 
essential side-band frequencies contained in the wave, while discriminat¬ 
ing sharply against other frequencies. In contrast with this, a tuned 
amplifier employing a single resonant circuit has a rounded-off response 
curve, and so cannot discriminate against interfering frequencies just 
outside the desired frequency band without at the same time discriminat¬ 
ing against the higher-frequency side-band components. 


<oi> Actual Circuit 

M 



(b) Equivalent CircuitfConstant-currcnt Form) ^c) Equivalent Circuit* with Source 

__, Represented by Dotted Rectangle in 

j __ I <b) Simplified by The'venins Theorem 
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Fig. 71.—Actual circuit of band-pass amplifier together with equivalent circuit. 


The equivalent circuit of a band-pass amplifier is shown in Fig. 716. 
This can be reduced to a band-pass circuit with series voltage by the 
method described in connection with Fig. 25, with the result shown in 
Fig. 71c. This has already been discussed in Sec. 25 where it was shown 
that in the practical case with Rp much greater than the reactance of the 
primary condenser Cp, the equivalent series voltage is 
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Equivalent voltage that can 
be considered acting in series 
with the primary 



(63) 


The amplification can be calculated from the equivalent circuit of 
Fig. 71c by following the method of coupled-circuit analysis discussed in 
Sec. 14. At the common resonant frequency of the two circuits, the 
amplification is 


Amplification at resonant) ^ ^ 

frequency / “ 

■‘■feo. 

where 

Gm = mutual conductance of tube 
k = coefficient of coupling between primary and secondary 
inductances 

0)0 = 2ir times resonant frequency 

Qp = o)LplRp for primary circuit, taking into account any equiva¬ 
lent series resistance that may be added by the plate resist¬ 
ance of the tube 

Q, = for secondary circuit 

Lp, L, = primary and secondary inductances, respectively. 

This amplification has its maximum possible value when the coefficient 
of coupling has the critical value k = 1/y/QpQsy as defined by Eq. (26b). 
Substituting this value for critical coupling into Eq. (64a) gives 


Maximum possible) _ ^ oi oy/LjyL ^y/ QpQ, 
amplification ' j ^ 2 


(64b) 


Comparison of Eqs. (64a) and (64b) shows that, when the primary and 
secondary circuits are identical and the plate and grid-leak resistances 
are very high, the gain obtained with the band-pass arrangement is 
exactly half that which is obtained when a single tuned circuit is employed. 
With couplings greater than the critical value Eq. (64b) gives with satis¬ 
factory accuracy the amplification at the peaks of the double humped 
curve, while Eq. (64a) still gives the amplification at the common resonant 
frequency. 

Selectivity and Selectivity Curves of Tuned 'Amplifiers .—The ability 
of a tuned amplifier to discriminate against interfering signals is often 
fully as important as the gain of the amplifier at resonance. The effec¬ 
tiveness of an amplifier in discriminating against frequencies off resonance 
can be most satisfactorily shown by plotting a curve of relative amplifica¬ 
tion in the manner shown in Fig. 72. This figure gives the relative input 
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required to maintain the output constant as the frequency of the input 
is varied. The input required to produce the output at the frequency 
of maximum amplification is used as the reference value. Thus in the 
band-pass case in Fig. 72, it takes an input signal 25 times as strong to 
produce a given output when the carrier is 30 kc off resonance as it does 
when the carrier is exactly at resonance. The superiority of the band¬ 
pass amplifier in its ability to discriminate against frequencies appre¬ 
ciably off resonance, and at the same time respond uniformly to a band of 
frequencies about resonance, is clearly evident from Fig. 72. 



Kilocycles off Reson<?ince 

Fio. 72.—Selectivity curves of tuned amplifiers in which the ordinates show relative input 

voltages required at different frequencies to maintain the output voltage constant. 

46. Noise, Hum, and Microphonic Effects.—All amplifiers give some 
output even when there is no input voltage. Such output is commonly 
referred to as hum, noise, or microphonic action depending upon its 
origin. 

Hum .—The term hum is applied to voltages introduced into the 
amplifier by the action of power circuits. The chief sources of hum are 
stray electrostatic and magnetic fields, poor filtering in the rectifier-filter 
system for supplying anode power, and the use of alternating current for 
heating cathodes. 

Hum from a cathode-heating current can be kept small by using 
properly designed heater-type tubes, as discussed in Sec. 84. Hum 
from the plate supply is readily controlled by the addition of a more 
adequate filter. 

Electrostatic fields cause trouble with parts of the amplifier having a 
high impedance to ground, since any electrostatically induced current 
flowing to ground will produce a hum voltage that is proportional to the 
impedance between ground and the electrode upon which the field ter- 
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minates. Trouble of this sort can be readily controlled by electrostatic 
shielding of tubes and critical parts of the circuit (particularly grid leads) 
and by proper circuit layout. It is also helpful to ground the metal 
chassis of the amplifier. 

Magnetic fields are the most troublesome sources of hum. Such 
fields induce voltages in coupling transformers and sometimes also affect 
the flow of electrons in the tubes. Hum from magnetic fields is minimized 
by using resistance coupling in the low signal level part of the amplifier 
and by providing adequate spacing between the input parts of the ampli¬ 
fier and the power and filament transformers. Twisted filament leads 
are also advisable. When coupling transformers must be used at low- 
level points, as to match a low-impedance line to the first tube, the trans¬ 
former is preferably of a type in which the windings are arranged to 
minimize hum pi(;k-up and should also be provided with'a magnetic shield. 
Residual hum pick-up can then be minimized by orientation of the trans¬ 
former. Hum resulting from direct action of the magnetic field on the 
electron flow of the first tubes of an amplifier can be kept under control 
by using ample spacing, and by the use of tube shields of high-permea¬ 
bility magnetic material. 

Hum problems are most severe in high-gain audio-frequency ampli¬ 
fiers, since here the hum voltages when once introduced into one of the 
earlier stages are efficiently amplified by the subsequent stages. Hum 
troubles are also present to some extent in tuned amplifiers, however, 
because the hum voltages superimposed upon the electrode voltages of 
the tube will cause the amplification of a radio-frequency stage to vary 
slightly at the hum frequency^ thereby modulating the hum upon the 
radio-frequency voltages being amplified, 

Microphonic Noise .—The term microphonic noise is applied to effects 
that result from mechanical vibration of the tube or other parts of the 
circuit. In audio-frequency amplifiers, these vibrations produce audio¬ 
frequency variations in the plate current that are then amplified. In 
radio-frequency amplifiers, vibrations modulate themselves up the high- 
frequency voltages being amplified. 

Microphonic action can be minimized by mounting the tube or other 
part so that it is protected from mechanical vibrations transmitted either 
through the air or through the base. Individual tubes and tube types 
vary greatly in their tendency toward microphonic action, so that where 
this factor is a problem it is commonly desirable to select tubes indi¬ 
vidually for low microphonic noise. 

Thermal Agitation Noise .—The random motion of free electrons in 
conductors produces minute voltages across the terminals of the conductor 
that are continually changing in character and amount. Since the motion 
of the electrons is due to temperature, these potentials are said to be the 
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result of thermal agitation. The voltages produced by thermal agitation 
are of random character having energy uniformly distributed throughout 
the entire frequency spectrum. 

The magnitude of the voltages produced’by thermal agitation can be 
calculated by the formula 


Square of effective value of voltage 
components lying between frequen¬ 
cies/i and /2 


= = 4kT£^’Rdf 


(65) 


where 

k = Boltzmann^s constant = 1.374 X 10“^® joule per degree Kelvin 
T = absolute temperature in degrees Kelvin 

R = resistance component of impedance producing voltages of ther¬ 
mal agitation (a function of frequency), when the impedance is 
expressed as a resistance in series with a reactance 
/ = frequency. 

In the special case where the resistance component of the impedance is 
constant over the range of frequencies from/i to/i, Eq. (65) reduces to 
the much simpler form 


= ikTRiU “ /i) (66) 

The noise voltages arising from thermal agitation set an ultimate limit 
to the smallest potential that can be amplified without being deST in a 
background of noise. An idea as to the order of magnitude of this limit 
can be obtained by noting that with a resistance of megohm at SOO^^K., 
the noise voltage according to Eq. (66) for a frequency band 5000 cycles 
wide is 6.4 ixv. The noise level of most amplifiers is determined by the 
thermal agitation of the resistance in the grid circuit of the first amplifier 
tube. 

Shot Effect and Related Phenomena .—The fact that the stream of 
electrons flowing from cathode to plate is made up of a series of particles 
rather than a continuous fluid causes minute irregularities in the plate 
current of the vacuum tube. This results in the possibility of noise of a 
kind termed shot effect. 

The irregularities which shot effect give rise to depend upon the space 
charge that is present, and become small when there is a complete space 
charge. It is therefore important that the electron emission from the 
cathode be sufficient to produce a complete space charge. The extent to 
which the space charge is adequate can be readily observed by varying 
the cathode heating current and noting whether the space current changes 
appreciably. 
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In some types of cathodes there is a form of shot effect, termed flicker 
effect, that arises as a result of random changes of emission over small 
cathode areas. With oxide-coated cathodes the flicker effect is normally 
greater than the true shot effect. 

Positive ions produced in the tube as a result of ionization of residual 
gas, or as a result of the occasional emission of positive ions by the cath¬ 
ode, also give rise to a modified form of shot effect. With tubes having a 
good vacuum the noise introduced in this way with ordinary space charges 
is of the same order of magnitude as the thermal-agitation noise occurring 
in the plate resistance of the tube. 

Miscellaneous Sources of Noise .—In addition to the factors discussed 
above, there are a number of additional ways by which noise can be 
created. Thus poor contacts, leaky condensers, faulty resistances, etc., 
very commonly result in the introduction of noise. 

Carbon resistors carrying direct current are also particularly trouble¬ 
some sources of noise. Such noise arises from fluctuations in the contact 
resistance between adjacent granules and is similar in character to the 
^^hiss^^ occurring in carbon microphones. The magnitude of the effect 
is so great that carbon resistors cannot be used as plate-coupling n^sist- 
ances in amplifiers that must amplify even moderately small voltages. 

46. Input Admittance of Amplifiers and the Neutralization of Grid- 
plate Capacitance. —The input admittance of an amplifier is defined as 
the admittance that is seen when looking toward the control-grid electrode 
of the tube. This is the admittance across which the voltage to be 
amplified is applied. 

With screen-grid and pentode tubes arranged to have complete elec¬ 
trostatic shielding between control-grid and plate electrodes, the input 
admittance is supplied by the slim of the grid-screen and grid-cathode 
capacitances. This is commonly 3 to 10 MAtf and is independent of the 
conditions existing in the plate circuit of the amplifier. 

In tubes having direct capacitance between control grid and plate, 
such as exists in triodeS and also in screen-grid and pentode tubes having 
incomplete shielding, the input admittance is also influenced by the 
conditions in the plate circuit of the tube. This is because the amount of 
current that flows from the control-grid to the plate electrode through 
the direct capacitance between these electrodes is determined by the 
potential difference between grid and plate, and this potential difference 
obviously depends upon the amplified voltage developed across the load 
impedance in the plate circuit. Since the amplified voltage developed 
in the plate circuit is normally much greater than the signal voltage, it is 
apparent that the potential difference between grid and plate will be very 
high as compared with the signal voltage actually applied to the grid. 
This situation causes the current flowing from grid to plate to be unusually 
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large. Direct capacitance between grid and plate is hence of very great 
importance in determining the input admittance. 

When the load impedance in the plate circuit is a resistance, the 
amplified voltage developed in the plate circuit is exactly 180° out of 
phase with the signal voltage applied to the grid. Under these conditions 
the voltage difference between grid and plate is E, + Ep = E,{1 + A), 
where A is the voltage amplification between the grid and plate electrodes 
of the tube (but does not include any transformer step-up). The current 
that flows from grid to plate is equal to this voltage divided by the capaci¬ 
tive reactance of the grid-plate capacitance and so is Es{l + A)o)Cgp. 
Since this current is supplied by the signal voltage E^, it represents an 
effective input capacitance of (1 A)Cgp. 

(a) Acfuoil Circuit (b) Equivalent Circuit for 



ecfuivalent qriof-coiihoo/e aotmifi^cince 

Fig. 73.—Equivalent cireuit for analyzing amplifier input admittance. The input 
admittance is the ratio of current entering the grid electrode to the signal voltage applied 
to the grid and depends upon the load impedance in the plate circuit. 

When the load impedance in the plate circuit is not a resistance, the 
analysis must be modified to take into account this fact. If the tube is 
considered as offering to the signal an input capacitance Cg shunted by a 
resistance Rg^ as shown in Fig. 73, one then has 

Input resistance = Rg = — (67) 

^ A sin ^ 

Input capacitance = Cg = Cg/ + Cgp{\ + A cos B) (68) 

where 

= grid-plate tube capacitance 

Cgf = grid-cathode tube capacitance 
A = ratio of voltage developed across load impedance in plate 
circuit to applied signal (f.c., A is the amplification of tube 
alone, not taking into account any step-up of voltage in the 
load) 

B == angle by which voltage across load impedance leads equivalent 
voltage acting in plate circuit {B positive for inductive load 
impedance). 

The input resistance in Eq. (67) takes into account the fact that when 
B is not zero, energy is transferred directly between grid and plate circuits 
through the grid-plate capacitance. When the plate load impedance 
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has a capacitive component, the input resistance is positive, meaning 
that the signal voltage transfers energy directly to the plate circuit. On 
the other hand, when the plate load impedance has an inductive com¬ 
ponent, the input resistance is negative. The input circuit then receives 
some of the amplified energy present in the plate circuit. The magnitude 
of the input resistance decreases as the frequency becomes greater, because 
the higher the frequency the greater will be the current flowing through 
the grid-plate capacitance with a given potential difference. As a con¬ 
sequence, the effects of the input resistance become more important as 
the frequency is raised. 

In audio-frequency amplifiers the input capacitance tends to spoil 
the high-frequency response. This is particularly the case with high-mu 
triode tubes, since the large value of A obtained with such tubes makes 
the input capacitance very high. The resistance component of the input 
admittance is ordinarily too high to be of much importance at audio 
frequencies. 

In radio-frequency amplifiers the resistance component of the input 
admittance is particularly important. This is because the input resist¬ 
ance of the tube is in shunt with the tuned circuit supplying the signal 
voltage that is applied to the tube. In case the input resistance is posi¬ 
tive, the effective Q of the tuned circuit will be greatly reduced. On the 
other hand, if the input resistance is negative, energy will be supplied to 
the tuned circuit, and oscillations can be expected. It is for this reason 
that radio-frequency voltage amplifiers ordinarily employ pentode or 
screen-grid tubes so designed as to give practically perfect electrostatic 
shielding between grid and plate electrodes. When triode tubes are 
employed for radio-frequency amplification, it is necessary to neutralize 
the effect of the energy transferHhrough the grid-plate capacitance. 

Neutralization of the Input Admittance of a Vacuum-tube Amplifier ,— 
The effect of the current that flows through the grid-plate capacitance 
of a triode tube can be neutralized by arrangements that provide for the 
flow of an equal and opposite current through an auxiliary (or neutraliz¬ 
ing) condenser. The most common methods of doing this are the Neutro- 
dyne and Rice circuits illustrated in Fig. 74. In the form of Neutrodyne 
circuit shown in Fig. 74, the inductance Ln is closely coupled to the coil 
Lp but is wound in the opposite direction. The voltage developed by 
Ln is accordingly proportional to the voltage developed in the plate circuit 
of the tube but is of opposite polarity. The neutralizing condenser Cn 
is then adjusted so that the current that flows through it will just neutral¬ 
ize the effect of the current flowing in the opposite direction through the 
grid-plate capacitance of the tube. 

In the Rice system of neutralization the input circuit is split into two 
parts. By properly adjusting the capacitance of the neutralizing con- 
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denser, a voltage developed in the output between plate and ground sends 
currents into the two parts of the input circuit that cancel each other’s 
effects. 

47. Multistage Amplifiers with Particular Reference to Regenera¬ 
tion. —In a multistage amplifier it is possible for energy to be transferred 
between stages by the grid-plate tube capacitance as discussed above, by 
stray couplings, or by an impedance common to more than one stage. 
Such energy transfer is termed regeneratioUj and either modifies the 
amplification or when of sufficient magnitude will produce oscillations. i 
In resistance-coupled amplifiers such oscillations are of the multi¬ 
vibrator type (see Sec. 67) and have such a low frequency that when heard 
in a loud speaker they produce a characteristic put-put” sound that is 
termed motorboating. 

Regeneration in Audio-frequency Amplifiers .—The most important 
cause of regeneration in audio-frequency amplifiers is energy transfer 


{«> Neutrodlyne <orHazel+ine) (b) Rice System of 
System of Neutralization Neutralization 



Fig. 74.—Typical circuit arrangements for neutralizing the effect of energy transfer 
between grid and plate circuits through the grid-plate tube capacitance by an equal and 
opposite energy transfer through a neutralizing condenser 


between stages as a result of impedance in the source of plate voltage. 
Thus in Fig. 75a, amplified currents in the plate circuit of the final tube 
will produce a voltage drop in the internal impedance of the plate-supply 
system. This voltage then acts in the screen and plate circuits of the 
first tube, resulting in a transfer of energy that modifies the behavior. 

The regeneration produced by a common plate impedance is of impor¬ 
tance to the extent that the voltage transferred back to the plate and 
screen circuits of the first tube is of appreciable magnitude compared with 
the output voltage developed by the first stage in the absence of regenera¬ 
tion. It is not ordinarily necessary to consider regeneration between 
other tubes than the first and last because of the smaller difference in 
power levels involved. Regeneration arising from a common plate 
impedance is most troublesome in amplifiers having very high gain, 
because then the voltage drop produced in the common plate impedance 
is largest in proportion to the output voltage of the first tube. 

Regeneration from a common plate impedance can be minimized in 
a number of ways. A large condenser in shunt with the power-supply 
system will reduce the common impedance, particularly at radio fre- 
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quencies and at the higher audio frequencies. In addition, the plate and 
screen circuits of low-level stages can be isolated by the use of series 
impedances (resistances or inductances) and shunt condensers, as shown 
in Fig. 756. Such arrangements are called filters, and serve to make the 
voltage actually transferred to the plate and screen circuits of a low- 
level stage less than the voltage developed across the common impedance. 
In order to be effective, the series impedance of such a filter must be 


<a) Mul+is+age Amplifier Having Comnrvon 
Impedance in Klofe-supply System 




Fio. 75.—Multistage amplifier showing how the internal impedance of a common 
power-supply system can transfer energy from the final stage to earlier stages, together 
with same amplifier provided with filters for reducing this energy transfer. 


much higher than the reactance of the shunt condenser at all frequencies 
for which the filter is to be effective. The high series impedance then 
prevents the voltage developed across the common impedance from 
sending appreciable current toward the input stage, while the low shunt 
impedance short-circuits substantially all of whatever current does flow. 
The result is that the voltage actually introduced into the plate and 
screen circuits of the input tube is very much less than the voltage 
developed across the common impedance. The reduction is given 
approximately by the equations^ 

‘ These equations assume that X 2 is small compared with Zi and the plate and 
coupling impedances of the input tube, and that Zi is much larger than the common 
impedance. Under these conditions a voltage Er across the common impedance 
causes a current Er/Zi to flow through Zi (Fig. 755). The gr'mter part of this current 
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X 

Reduction with one-stage filter = *— 

Z 1 

(69a) 


X X ' 

Reduction with two-stage filter = * 

ZiZi 

(696) 


where Zi and Zi are the series impedances of the filter sections, and 
and X 2 are the reactances of the shunting condensers. 

The effectiveness of filters and shunting condensers becomes less the 
lower the frequency, and trouble is practically always experienced in 
avoiding regeneration in high-gain amplifiers that have a good low-fre¬ 
quency response. This makes it desirable to design audio-frequency 
amplifiers so that the low-frequency response is no better than actually 
required. Even then it is often necessary to use a separate power-supply 
system for different parts of the amplifier. 

The principles involved in designing a filter system are illustrated by 
the following example. 

Example.—In the amplifier of Fig. 75h each stage gives a voltage gain of 60 in the 
middle-frequency range, and the filtering need not be effective below 40 cycles. The 
internal impedance of the plate-supply system is the reactance formed by an S-juf 
shunting condenser. Assign values to the elements in the plate filter Fig. 756, so 
that the voltage acting in the plate circuit of the first tube will not exceed 10 per cent 
of the voltage which this tube applies to the grid of the second tube. 

On the assumption that the signal at the grid of the second tube is 1 mv, the voltage 
developed across the coupling resistance in the output of the final tube is 

60 X 60 X 0.001 = 3.6 volts. 

The current through the coupling resistance is then 3.6/250,000 = 14.4 /ua, and this 
flowing through 8 yS. will at 40 cycl(?s produce a voltage 

14.4 X 10-V(27r X 40 X 8 X lO-^) = 0.0072 volt. 

The filter for the first stage is then required to reduce this to 0.0001 volt, or by a factor 
of A variety of condenser-resistance combinations will do this satisfactorily. 

Thus substitution in Eep (696) shows that if H i^f shunting condensers are used, the 
series resistances for a two-stage filter must each be at least 

•v/^/(27r X 40 X 0.5 X 10-«) = 68,000 ohms. 

It will be noted that little or no filter is required for the middle stage. This is 
because the voltage that this tube d(;livcrs to the grid at the final tube is 0.060 volt, 
which is quite large compared with the 0.0072 volt developed across the common 
impedance. 


flows through X 2 and so produces a voltage KrX'ilZ\ across X 2 . In the case of a one- 
stage filter, this is the voltage actually inserted in the plate circuit of the input tube, 
and is less than the voltage Er by the factor X 2 /Z 1 . In the case of a two-stage filter, 
there is a further reduction of X% jZx, giving a total reduction of XtXilZxZi, as in 
Eq. (696). 
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The screen-grid filter can ordinarily be taken care of by the voltage¬ 
dropping resistance in the screen circuit, provided the by-pass condenser 
from screen to cathode is of reasonable size. Thus in Fig. 756, if a 
1-megohm series resistance is required to drop the supply voltage to the 
value needed for the screen, and the screen-cathode condenser is 1 
then the reduction at 40 cycles as calculated from Eq. (69a) is 251, which 
is obviously adequate. However, with very high-gain amplifiers it is 
sometimes necessary to provide a two-stage filter in the screen circuit by 
dividing the voltage-dropping resistance into two parts, and using two 
by-pass condensers. 

Audio-frequency amplifiers are also troubled by regeneration arising 
from electrostatic and magnetic couplings. Electrostatic coupling 
between unshielded tubes and leads, particularly grid leads of different 
stages, often causes trouble. This coupling usually' results in a high 
audio-frequency oscillation, and the remedy consists in providing ade¬ 
quate shielding. Magnetic coupling between stages can arise when there 
is more than one coupling transformer employed. The usual remedy 
consists in a change in relative orientation of the transformers involved, 
or in increased spacing. 

Regeneration in Radio-frequency Amplifiers—At radio-frequencies a 
common cause of regeneration is electrostatic and magnetic coupling 
between tuned circuits of different stages. This cause of regeneration is 
ordinarily controlled by enclosing coils in copper or aluminum shielding 
cans, and by shielding the sections of the tuning condenser from each 
other. It is also necessary to employ screen-grid or pentode tubes, or to 
use neutralized triodes, in order to prevent energy transfer directly 
through the tube. Care must likewise be used in placing the wiring, 
particularly the grid and plate leads, so that these introduce no capacitive 
coupling between stages. 

Impedances common to two or more stages are particularly trouble¬ 
some causes of regeneration in radio-frequency amplifiers. This is 
because at the high frequencies involved a wire only a few inches long 
will often have sufficient reactance to provide an effective means of trans¬ 
ferring energy. Unavoidable common impedances, such as those from 
common sources of electrode voltages, can be reduced to a low value by 
shunting with by-pass condensers, and in addition filters may be placed 
. in the leads running to the individual amplifier stages. Indiscriminate 
use of the chassis as a return circuit often gives trouble, since the chassis, 
when used in this way, provides an impedance common to all the circuits. 

48. Feedback Amplifiers. —In the feedback amplifier a certain amount 
of regeneration is deliberately introduced in such a way as to reduce the 
amplifier gain. By properly carrying out this operation it is possible to 
reduce the non-linear distortion and noise generated in the amplifier, to 
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make the amplification substantially independent of electrode voltages 
and tube constants, and to reduce greatly the phase and frequency 
distortion. 

The operation of a feedback amplifier can be understood by reference 
to the schematic diagram of Fig. 76. Here A represents an amplifier 
which has a gain A when used as an ordinary amplifier. Regeneration 
is introduced by superimposing on the amplifier input a fraction of the 
output voltage E so that the actual input consists of a signal c, plus the 
feedback voltage pE. The effective gain of the amplifier is then^ 

Gain, taking into 
account feedback 


} = r 


In this equation the assumption as to signs is such that when the feedback 
voltage opposes the signal voltage, p is 
negative. 

The quantity Afi can be termed the 
feedback factor, and represents the ampli¬ 
tude of the voltage superimposed upon 
compared with the actual voltage applied 

to the input terminals. Thus if Afi = 50, 76.—Schematic diagram of feed- 

, . , , back amplifier. 

then for each millivolt existing between 

the input terminals, the feedback voltage will be 50 mv. If the phase is 
such as to give negative feedback, a signal of 51 mv will then be required, 
to produce 1 mv at the amplifier input terminals. 

Examination of Eq. (70) shows that the amplification is reduced by 
the presence of negative feedback. Furthermore, when Afi » 1, Eq. (70) 
reduces to 



Amplification with 
large feedback 


-1 


(71) 


Expressed in words, Eq. (71) states that, when the feedback factor Afi 
is large, the effective amplification depends only upon the fraction ^ of 
the output voltage that is superimposed upon the amplifier input, and is 
substantially independent of the gain actually produced by the amplifier 
itself. 


^ Equation (70) is derived as follows: If E is the output voltage, then the feedback 
voltage is /3J57, and the actual input potential is (e, + ^E). This input amplified A 
times must equal E, i.e., ' 

(e, 4- pE)A = E 

Equation (72) then follows by solving for E/es, which is the actual gain. 
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This remarkable behavior is a result of the fact that, when the feed¬ 
back is large, the voltage actually applied to the amplifier input terminals 
represents a small difference between relatively large signal and feedback 
voltages. A moderate change in the amplification A therefore produces a 
large change in the difference between signal and feedback voltages, which 
tends to correct for the alteration in amplification. Thus in the amplifier 
considered above, where AjS = 50, if the amplification A were halved by 
a change in design, it would then take 2 mv across the input terminals to 
deliver the same output as before. With p unchanged, the feedback 
voltage would still be 50 mv, so it would require a signal of 50 + 2 = 52 
mv instead of the previous 51 mv to produce the same output. Thus a 
2 per cent change in effective over-all amplification has resulted when 
the gain A is altered by 50 per cent. 

Inasmuch as the quantity (I depends upon circuit' elements such as 
resistances that are permanent, the amplification with large feedback is 
substantially independent of the tube characteristics and electrode volt¬ 
ages. Furthermore Eq. (71) shows that the amplification with large 
feedback is inversely proportional to Hence if the fraction ^ of the 
output voltage that is superimposed upon the input is obtained by a 
resistance network, the amplification will be substantially independent 
of frequency and will have negligible phase shift. On the other hand, if 
it is desired to have the amplification vary with frequency in some par¬ 
ticular way, this can be readily accomplished by making the (or feed¬ 
back) circuit have the same transmission-loss charac^teristic as the desired 
gain characteristic. 

The presence of negative feedback also reduces the non-linear dis-^ 
tortion produced in the amplifier. This happens because the distortion 
components of the output voltage are fed back in such a polarity as to 
produce amplified distortion voltages that tend to cancel the distortion 
generated in the amplifier. It can be readily shown that as a result of 
feedback, the distortion is reduced according to the relation. 

/Distortion in absence 

Distortion with) _ \of feedback . 

feedback / 1 — AjS ^ ^ 

,If Ap is made large by employing a large amount of feedback, the 
result is a very great reduction in the ratio of distortion to desired 
output. 

The signal-to-noise ratio is also improved by feedback under certain 
conditions. A comparison of the signal-to-noise ratios in amplifiers with 
and without feedback, when the same noise voltage is introduced some 
place in the amplifier and the signal outputs are the same, shows that 
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Signal-to-noise ratio) 
wit h feedb ack j _ 

Signal-to-noise ratio) 
without feedback / 


OLf 


ao{l - A^) 


(73) 


where a; and ao are the amplification between the place at which the 
noise is introduced and the output, with and without feedback, respec¬ 
tively. Examination of this relation shows that feedback will greatly 
reduce noises introduced in high-level parts of the amplifier, such as from 
a poorly filtered power supply in the plate circuit of the final tube. Feed¬ 
back does not, however, h(^lp reduce noise introduced at very low power 
levels, such as thermal agitation, induced hum, microphonic noises, etc. 

Feedback without Oscillations ,—In order to realize the advantages of 
feedback, the amplifier and its feedback must be so arranged that oscilla¬ 
tions do not occur. This can be accomplished by making the feedback 
voltage normally in phase opposition to the applied signal (i.e., nega¬ 
tive and real) and by arranging the circuits so that there is no frequency 
where A^ is positive, real, and greater than 
unity. ^ 

No trouble from oscillations need be ex¬ 
pected when the feedback takes place between 
the plate and grid circuits of the same tube. 

Feedback can also be carried on from the 
plate circuit of one tube to the grid circuit of 77.~-Typicai feedback 

the next preceding tube without trouble ^ 

except when a transformer-coupled stage is output voltage is superimposed 
involved. However, with more than two signal voltage 

stages, oscillations can generally be expected except when special dcvsign 
procedures are employed. 

The circuit of a practical feedback amplifier is illustrated in Fig. 77. 
Here a pair of voltage-dividing resistors Rx and R 2 are used to superimpose 
a fraction R^/iRi + R 2 ) of the output voltage upon the input voltage. 
Otlu^r circuits, and general design procedures, are to be found in the 
literature.^ 

49. Behavior of Vacuum Tubes at Ultra-high Frequencies. —In all 

the discussion that has so far been devoted to amplification it has been 
assumed that the time required for an electron to travel from the cathode 



^ This is a sufficient condition for avoiding oscillations. There are circumstances, 
however, in which oscillations are not obtained even though this condition is not 
satisfied. 

^ In particular see F. E. Terinan, Feedback Amplifier Design, Electronics, vol. IO 1 
p. 12, January, 1937. 
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to the plate is negligible compared with the length of time represented 
by'a cycle. At very high frequencies this assumption is no longer 
permissible. 

The result of a finite time for the transit of the electrons modifies the 
tube characteristics in a number of important respects. In particular, 
the tube constants such as the amplification factor, mutual conductance 
(transconductance), and plate resistance become vector quantities with 
a magnitude and a phase that vary with frequency. The mutual con¬ 
ductance, for example, lags in phase because the finite transit time causes 
changes in the plate current to lag behind changes in grid voltage. The 
absolute magnitude of the mutual conductance is also modified slightly. 
The amplification factor tends to decrease in magnitude and to have an 
increasingly large phase angle as the frequency increases, while the plate 
resistance likewise depends upon the frequency. 

Analysis shows that the usual equivalent circuits of the ahiplifier tube 
still hold, provided the amplification factor, mutual conductance, and 
plate resistance are given the appropriate values (including both magni¬ 
tude and phase), which take into account the effect of the finite transit 
time. 

The finite transit time also causes power to be consumed by the grid 
of the tube even when the grid is biased negatively and attracts no elec¬ 
trons. This comes about as a result of the interchange of energy between 
the signal voltage acting on the grid and the electrons traveling to the 
plate. The amount of power lost in this way can be expressed in terms 
of an equivalent resistance shunted between the grid and cathode elec¬ 
trodes of the tube. Analysis shows that this equivalent input resistance 
in the case of Class A amplifiers is inversely proportional to the square 
of the physical size of the tube and inversely proportional to the square 
of the frequency. 

The grid loss occasioned by finite transit time is negligible with stand¬ 
ard tubes at broadcast frequencies but becomes increasingly important 
at higher frequencies. Thus measurements upon a typical Type 57 
pentode show that at 1000 kc the input resistance is approximately 21 
megohnLS, but, since the input resistance is inversely proportional to the 
square of the frequency, at 30 me it becomes approximately 23,000 ohms, 
and at 100 me is only 2100 ohms! As a result, the maximum possible 
amplification obtainable from a 57 tube falls to less than unity at slightly 
above 100 me. 

60. Miscellaneous. Methods of Volume Control .—In all practical 
amplifiers it is necessary to provide some means of controlling the ampli¬ 
fication so that the output voltage can be set at the desired level irrespec¬ 
tive of the signal being amplified. The volume-control arrangement for 
accomplishing this result sboiild be such that the gain setting has little 
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or no effect upon the frequency response^ and does not introduce ampli¬ 
tude distortion. 

In audio-frequency amplifiers the gain is normally controlled in a 
resistance-coupled stage by the method shown in Fig.. 78, where the grid 
leak is supplied by a high-resistance potentiometer. The only effect 
produced upon the amplifier characteristic by such a volume control is a 
slight improvement in high-frequency response at low volume settings. 

The volume of tuned amplifiers using pentode tubes is practically 
always controlled by varying the mutual conductance of the amplifier 
tube, either by changing the control-grid bias or the screen-grid potential. 
This method of controlling volume does not affect the shape of the fre¬ 
quency-response characteristic, and it has the advantage of permitting 
the amplification of several stages to be controlled simultaneously. Vari¬ 
able-mu tubes are practically always employed when the gain of a tuned 



Fiq. 78.— Volume-control arrangement normally used in resistance-coupled amplifiers. 

amplifier is to be controlled, since these tubes eliminate amplitude distor¬ 
tion and cross-talk troubles at low volume settings (see Sec. 61). 

Automatic Volume Control .—Circumstances sometimes arise where it 
is desired to maintain the output automatically constant irrespective of 
the input to the amplifier. Thus in a radio receiver it is desirable to 
maintain constant output when the radio wave being received fades 
through wide ranges in amplitude. 

Automatic volume control of this type is accomplished by rectifying 
a portion of the amplified radio-frequency carrier voltage, passing the 
rectified d-c current through a resistance, and utilizing the voltage thereby 
developed across the resistance to control the volume in such a way as 
to tend to maintain the output constant. Detailed discussion of auto¬ 
matic-volume-control arrangements used in radio receivers is given in 
Sec. 99. 

Equalization of Amplifier Gain .—Where several stages of amplification 
are employed in cascade, the way in which the amplification of an indi- 

^ The only exception to this is under conditions where it is desired to compensate 
for the fact that the sensitivity of the ear to high and low pitches relative to the middle 
range of frequencies is less for weak sounds than for loud sounds (see Sec. 135). This 
means that for proper reproduction at low output levels, frequency distortion tending 
to favor the high and low frequencies is desirable. Volume controls which provide 
this sort of characteristic are said to be “tone compensated.” 









134 


FUNDAMENTALS OF RADIO 


[Chap. V 


vidual stage varies with frequency is not particularly important so long 
as the individual stages combine to give the desired over-all result. Thus 
an excessive falling off of the high-frequency response of one stage can 
be compensated for by introducing a corresponding high-frequency peak 
in another stage of amplification, as illustrated in Fig. 79. This possi¬ 
bility of compensating for the deficiencies in over-all frequency response 
of a number of stages by modifying the characteristics of only one of the 
stages simplifies greatly the problem of obtaining a desired result. In 
particular, it avoids the cost and trouble involved in attempting to make 
each individual stage perfect within itself. 

Use of Decibels to Express Relative Amplification .—The variation of 
amplification with frequency in audio-frequency amplifiers is often 
expressed in decibels referred to some arbitrary level taken as zero deci- 
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Fig. 79.—Curves illustrating how the defioionries in the freiiuoncy response of one 
stage of an amplifier may be compensated for by the characteristic; of another stage to give 
a uniform over-all response. 

bels. The significance of such curves can be understood by considtu’ing 
what a decibel means. The decibel is a unit for expressing a power ratio, 
and is given by the relation 

Decibels = db = 10 logio ^ (74) 

where Pi and P 2 are the two powers being compared. The decibel has no 
other significance. If it is to beaised in expressing relative amplification, 
it therefore signifies relative power output. Thus, if the output voltage 
varies with frequency as shown in Fig. 80a, one might replot this curve 
in decibels by assuming some arbitrary power as the standard. This 
might, for instance, be the power output obtained at 400 cycles. The 
power output at any other frequency is then proportional to {E/E^ooy 
where E is the voltage output at the frequency in question, and E400 is 
the output voltage at 400 cycles. Since the power output under these 
conditions is proportional to the square of the voltage, one can rewrite 
Eq. (74) as follows for this particular case: 

db = 10 logxo ^ = 10 logx, = 20 logic (--) (75) 

1^1 \JCjaoo/ \Li00/ 

It is now possible to plot a curve giving relative amplification in terms 
of decibels, as is done at Fig. 80b. The significance of the decibel curve 
can be seen by considering a specific case. Thus the fact that the ampli- 
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fication in Fig. 806 is 5 db lower at 45 cycles than at 400 cycles means 
that the output power at 45 cycles is 0.316 times the power at 400 cycles.^ 

(«) 



Fi(}. 80.—Illustration of how rolative gain can be expressed in decibels. 

61. Amplitude Distortion and Cross-modulation in Amplifiers.—In 

an ideal amplifier the output wave is exactly the same shape as the input 
signal. In actual amplifiers the output wave commonly contains har¬ 
monics and other components not contained in the signal, particularly 
when the signal voltage' is large. The analysis of amplitude distorting 


^ When working with decibels it is desirable to memorize the following table of 
approximate equivalents. 


Table VII 


db 

Approximate 
power ratio 

Approximate 
voltage ratio 
for same 
resistance 

0 

1 

1 

- 1 

0.8 

0.9 

- 3 

0.5 

0.7 

-10 

0.1 

0.3 

-20 

0.01 

0.1 

-30 

0.001 

0.03 


It will be noted that the 70.7 per cent point in amplifiers corresponds to a 3-db loss in 
amplification. 
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of this type can be accomplished for the case of a sine-wave signal and a 
resistance load by the aid of the dynamic characteristic as discussed in 
Sec. 52. A more comprehensive picture of the distortion in amplifiers, 
and one that is not limited to sinusoidal voltages and resistance loads, is, 
however, obtainable with the aid of the power-series method of expressing 
tube characteristics. 

It was shown in Sec. 36 that, for electrode voltages such that the 
instantaneous plate current never became zero, the characteristics of a 
tube could be expressed in terms of the following power series; 

3 

+ . . . 

. (76) 

whore 

Eg = signal voltage applied to grid 

Ep = voltage acting on plate as result of voltage drop of Ip in load 
impedance 

Gfn = mutual conductance at operating point 
/X = amplification factor 

Ip = plate current caused by the action of Eg and Ep. 

Since the voltage Ep appearing in Eq. (76) represents the voltage 
arising from the current Ip in flowing through the load impedance Z, one 
can substitute the relation Ep = —in Eq. (76). When this is done 
and the series inverted to give an explicit expression for /p, the result is^ 




^ The transformation from Eq. (76) to Eq. (80) is carried out as follows: The 
substitution of Ep = '-Zip into Eq. (76) gives 


/, - (?»(£. 


IjjZ\ , dOm 

' M / f 2! dEg 



‘ir 


-h • • • 


(77) 


This gives Ip as an implicit function of Egj whereas what is wanted is an explicit 
solution for Ip of the form 


Ip — CtlEg 4" CLtEg^ -f" ClzEg^ -j- 


(78) 


The inversion from Eq. (77) to Eq. (78) is accomplished by substituting the value of 
Ip in the form of Eq. (78) for Ip in Eq. (77) and then equating the coefficients of like 
powers of Eg on both sides of the result to determine the values that the a^s must 
have in Eq. (78) to satisfy Eq. (77). Doing this gives 




Rp 4 - Zi 


( y 

__ 1 dGm 4“ ^1/ 

dE, R„ + Z, 

1 dH^n/ \* 1 M^p \/ /p \ 

_ 3 ! m * 0 « aEARp + zj dEARp + Zi) 
Rp-\-Z, 


Equation (80) now follows by substituting these values of a into Eq. (78). 


(79) 
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I. = 
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_ 1 

Rp + Zi ' 2lnG„ dE, Rj, + Zi 

dH} 
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dE/ 


Ei^ 


1 SGf, 
fxGm dE^ 
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where 

Rp 

Z 


Rp + 


+ 


( 80 ) 


= plate resistance at the operating point 

== load impedance. The subscripts 1, 2, and 3 denote the imped¬ 
ance offered to the first-, second-, and third-order components 
of the plate current. When any one order of plate current 
contains components of several frequencies, tl e appropriate 
value of Z must be used for each component 

= voltage drop produced in plate resistance by 
first-order component of current 

~ ^ voltage drop produced across the 

load impedance Z 2 by the second-order component of current. 
Study of Eq. (80) shows that the various components of the plate 
current may be considered as being produced by a series of equivalent 
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(d) Comple+e Equivalent Circui+ 
Taking into Account First;- 
Second7and Third-order Effects 


1 


1 ^ 
/U Gm dEg 


3^ G m p: 
E.Eo 


Irp 

1 


1 


2 

uu 

z 

V 

T 

1 3Gnn ^2 aPn 



3' Gn 




/iGn 


^Gn 

dEg 


- g A* '-'rn v C g 

Fiq. 81.—Equivalent circuits taking into account first-, second-, and third-order compo¬ 
nents of the plate current. 


voltages acting in a circuit consisting of the plate resistance of the tube 
in series with the load impedance. If the positive direction is taken as 
from cathode toward plate (the opposite of the positive direction in 
Eq. (80)), these equivalent voltages and circuits are as shown in Fig. 81. 

It will be noted that the first-order effects correspond to the equivalent 
circuit of the amplifier discussed in Sec. 40. This is now seen to be the 
first-order approximation that results when the characteristic curve of 
the tube is considered to be a straight line. The equivalent second-order 
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voltage takes into account, to a first approximation, the error involved 
in the first-order equivalent circuit. The first- and second-order effects 
taken together assume that the characteristic curves of the tube are 
portions of a parabola. The third-order component of the equivalent 
voltage represents to a first approximation the error involved when only 
the first- and second-order components are taken into account. 

Practical Application to the Analysis of Amplifier Distortion. —The 
nature of the distortion that occurs in Class A amplifiers can be deter¬ 
mined by calculating the equivalent voltage acting in the plate circuit 
of the tube for the particular signal involved, using the equivalent circuit 
of Fig. 81d, The first-order component of this equivalent voltage is merely 
an enlarged replica of the applied signal and so needs no comment. The 
second-order component is obtained by writing down the voltage Ei as a 
function of time, as determined from the results of the first-order term, 
and substituting this in the expression for the second-order voltage. The 
third-order equivalent voltage is similarly obtained by substituting 
appropriate expressions for the a.pplied signal, for the first-order result 
J?!, and the second-order result E 2 , all of which must be written as func¬ 
tions of time. This is done in Table VIII for signals consisting of a simple 
sine wave, and of two sine waves of different frequencies. 

The first-order effects given in Table VIII represent the undistorted 
part of th(i amplifier output, and need no discussion. The second-order 
equivalent voltages are seen to give rise to second harmonics, to sum and 
difference fn^quencies, and to a d-c (or rectified) current. 

The third-order compommt of the equivalent voltage produces third 
harmonics and third-order combination frequencies. There is also a 
third-order component having the same wave shape as the applied signal, 
but an amplitude proportional to the cube of the signal. This component 
combines with the first-order part of the output to introduce a lack of 
proportionality between the signal and the amplitude of the undistorted 
part of the output. Finally, when the applied signal consists of two 
frequencies there is a third-order portion of the output having the same 
frequency as one component of the signal, but an amplitude dependent 
upon the amplitude of the other component. This particular term gives 
rise to cross-modulation^ since it makes the output on one frequency 
depend upon the presence or absence of other frequencies. 

Problems 

1. A Type 56 tube is to be used under conditions given in Table V, mge 85. 

Determine the bias resistance required. ^ 

2. Determine the bias resistance required when a 0C6 tube is to be used at operat¬ 
ing conditions given in Talde V, page 85. 

3. a. An alternating potential of 2 volts effective of a frequency of 1000 cycles ia 
applied to the grid of a triodo having ju = 14, Rp = 10,000, and a resistance load o' 
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12,000 ohms. Calculate (1) alternating current in the load, (2) alternating voltage 
across the load, (3) alternating power dissipated in the load, and (4) ratio of voltage 
across load to the voltage applied to the grid. 

6. Repeat the above for a load consisting of a 2-henry inductance. 

4 . Repeat Prob. 3, using the constant-current generator form of the equivalent 
circuit. 

6 . One volt is applied to the grid of a 56 tube operating at the conditions listed in 
Table V, page 85. Calculate and plot a curve giving voltage developed across the 
load impedance as a function of load for resistance loads from 0 to 30,000 ohms. 

6 * Repeat Prob. 5 for the case of a 6C6 pentode operating under conditions listed 
in Table V, page 85. 

7 . Calculate and plot the amplification characteristic that would result if the 
amplifier of Fig. 58 had Rgi = 1 megohm, Ce — 0.01 /if, and delivered its output 
voltage to a tube having an input capacitance of 5 ju/xf (pentode tube). Assume that 
the output capacitance of the amplifier is 4 /x/xf and that the wiring capacitance is 
10 /x/xf. Make use of the universal amplification curve in the calculation. 

8. A resistance-coupled amplifier employs a pentode tube operated under condi¬ 
tions such that the mutual conductance is 300 /xinho. If the coupling and grid-leak 
resistances are 500,000 and 1,000,000 ohms, respectively, and the coupling and esti¬ 
mated shunting capacitances are 0.005 /xf and 35 /x/xf, respectively, calculate and plot 
the curve of amplification as a function of frequency. Use the universal amplifica¬ 
tion curve in the calculations, and assume the plate resistance is 3 megohms. 

9. a. Design a resistance-coupled amplifier, using the pentode tube of Figs. 39 to 
42, when the plate-supply potential is 275 volts and when only the audio-frequency 
range is to be covered. In this design specify suitable values for coupling resistance, 
grid-leak resistance, and coupling condenser. Select a grid-bias and screen voltage 
so that between one-third and one-half the plate-supply voltage will be actually 
applied to the plate after allowing for voltage drop in the coupling resistance. Also 
specify the grid-bias resistance and the capacitance of the bias by-pass condenser. 

6. Calculate and plot the amplification as a function of frequency by making an 
estimate of the mutual conductance and plate resistance at the operating point, and 
assuming the total shunting capacitance to be 35 /x/xf. 

10 . a. Design a resistance-coupled amplifier to cover the frequency range 15 to 
100,000 cycles with an amplification that is always at least 0.90 of the mid-frequency 
value. Use a 6C6 tube with a plate-supply potential voltage of 250 volts, and assume 
that the shunting capacitances amount to 15 /x/xf. Specify in the design the coupling 
and grid-leak resistance, the coupling-condenser capacitance, suitable grid-bias and 
screen voltages, and the proper bias resistance. Use plain resistance coupling rather 
than a resistance-inductance-coupled combination. 

6. Calculate the amount of amplification that would be expected in the mid¬ 
frequency range, assuming reasonable values of plate resistance and mutual con¬ 
ductance for the operating point selected. 

11 . The direct-current leakage resistance of a condenser is inversely proportional 
to the capacitance of the condenser, so that the product of leakage resistance and 
' capacitance is fixed for any given type of dielectric, although dependent upon the 

type of dielectric employed. Keeping this in mind, explain why: (a) trouble from 
direct-qprrent leakage in the coupling condenser increases as the low-frequency 
r^ponse is made better, (5) the best low-frequency response that it is practicable to 
obtain is determined primarily by the character of the dielectric of the coupling 
condenser, and (c) rearranging the proportions of grid-leak resistance and coupling- 
condenser capacitance while maintaining the low-frequency response unchanged has 
7ery little effect on trouble from coupling-condenser leakage. 
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12 . Using data from tube manuals, and assuming that the wiring adds a capaci¬ 
tance of 15 tinij make an' estimate of the total capacitance shunting the output of a 
resistance-coupled amplifier using a 6C6 pentode tube when the amplified voltage is 
delivered to: (1) another 6C6 tube, (2) a 47 tube, (3) a 75 tube operating as a resistance- 
coupled amplifier with a plate-supply potential of 250 volts, (4) a 56 tube operating as 
a resistance-coupled amplifier, and (5) a 2A3 tube. 

13 . It is stated in the text that if conditions in a pentode resistance-coupled 
amplifier are such that the direct-current voltage actually applied to the plate (after 
allowing for the voltage drop in the coupling resistance) is insufficient to prevent the 
formation of a virtual cathode in front of the suppressor, the amplification becomes 
small. Explain why this is the case. 

14 . A resistance-coupled amplifier is to be designed to use a pentode tube and to 
have a given high-frequency response characteristic. Explain why the amplification 
obtainable under these conditions first increases as the plate-supply potential is 
increased and ^en becomes constant with still further increases of plate-supply 
voltage. 

16 . Explain why in triode resistance-coupled amplifiers the amplification obtain¬ 
able is roughly proportional to the amplification factor of the tube, while the high- 
frequency limit is generally greater the lower the amplification factor. 

16 . Derive Eq. (52b). In doing this start by using Th^venin’s theorem to simplify 
the network on the tube side of the coupling condenser. 

17 . A certain transformer has the following characteristics: 

Primary inductance at rated primary current = 30 henries 

Primary inductance with secondary shorted = 0.15 henry 

Ratio of transformation (voltage ratio at low frequencies) = 3.0 

Series resonant frequency of secondary (with no tube shunted across 

the secondary) == 13,000 cycles 

Rt so large as to be of no consequence 

Primary direct-current resistance = 500 ohms 

Ra (actual value before reducing to unity-turn ratio) = 10,000 ohms 

This transformer is to be used with a 56 tube having an amplification factor of 14 and 
a plate resistance of 11,000 ohms. The input capacitance of the following tube is 
estimated as 50 M^f- Calculate and plot the way in which the amplification would be 
expected to vary with frequency. Make use of the universal amplification curve of 
Fig. 63 in this calculation. 

18 . What would be the best value of plate resistance to use with the transformer 
of Prob. 17? 

19 . Derive Eqs. (56) and (57). 

20 . Assume that in Fig. 62 the eddy-current resistance Re that is actually in shunt 
with the transformer primary is 250,000 ohms. Calculate and plot the frequency- 
response characteristic obtained when Re is taken into account and replot Fig. 62 on 
the same curve sheet to show the error that resulted from neglect of Re in Fig. 62. 

21 . In a transformer-coupled amplifier it is found that the frequency-response 
characteristic at high frequencies is different when the amplified voltage is applied 
to the grid of a pentode tube than when it is applied to the grid of a triode tube. 
Explain. 

22. A resistance shunted across the primary terminals of the transformer in a 
transformer-coupled amplifier tends to make the high-frequency response peaked, 
extends the region of substantially constant response to lower frequencies, and 
reduces the mid-frequency amplification. Explain, using Th^venin's theorem to 
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simplify the network consisting of tube and shunting resistance that is on the tube 
side of the primary terminals. 

23. A transformer-coupled amplifier is to cover the frequency range 80 to 8000 
cycles with a response at least 70.7 per cent and not more than 110 per cent of the mid- 
frequency value. If the tube has a plate resistance of 10,000 ohms, specify 
the primary inductance, the leakage inductance reduced to unity-turn ratio, and the 
frequency of series resonance (when the load capacitance is connected across the 
secondary). Assuming that the turn ratio will be 3.5 and that the input capacitance 
of the tube to which the amplified voltage is delivered is 50 /x/xf, how much distributed 
capacitance should the secondary of the transformer have, and what is the series 
resonance frequency desired in the transformer when the secondary is not connected 
to the next tube? 

24. A transformer is to couple a 500-ohm line to the grid of a tube. Assuming 
that the turn ratio is to be 15, specify the minimum allowable primary inductance, 
the maximum allowable leakage inductance (referred to the primary)^, and the desired 
series resonance frequency, if the response is not to fall to less than 70.7 per cent or to 
rise above 110 per cent of the mid-frequency response over the range 60 to 11,000 
cycles. 

26. A direct-coupled tuned amplifier uses coil No. 3 in Fig. 10. Assuming that the 
losses of the tuning capacitances are negligible, calculate and plot the amplification 
as a function of frequency up to 30 k<; on each side of resonance for a resonant fre¬ 
quency of 1000 kc, when a 6D6 tube is used under conditions given in Table V, page 
85, and the grid-leak resistance is 1 megohm. 

26. Calculate and plot the amplification at resonance as a function of resonant 
frequency over the range 550 to 1500 kc for the amplifier of Prob. 25. 

27. In Prob. 26, calculate and plot the frequency band for which the response is at 
least 70.7 per cent of the response at resonance, as a function of resonant frequency 
for the range 550 to 1500 kc. 

28. The amplifier of Prob. 25 is changed to transformer coupling as shown in 
Fig. 676. It is desired to obtain an amplification of 50 at 1000 kc. Assuming a 
coefficient of coupling of 0.50 between primary and secondary, cahmlate the required 
mutual inductance and primary inductance. Assume [{tcM)^/R^]/Rp <3C 1. 

29. In Prob. 28, if the amplification at resonance to be constant at 50 for the 
frequency range 550 to 1500 kc, calculate and plot the way in which the required 
mutual inductance must vary as a function of frequency. Assume [{u)My/R„]/Rp <3C 1. 

30. o. In a typical intermediate-frequency amplifier of the band-pass type shown 
in Fig. 71a, the primary and secondary coils each have inductances of 4 mh and are 
tuned to 260 kc. The coil Q's arc 50 and the coupling is adjusted so that k = 0.03. 
If a 6D6 amplifier tube is used, calculate the amplification at the common resonant 
frequency, and at the two peaks of the response curve. Determine the band width 
between peaks, and then sketch the shape of the amplification curve in the vicinity 
of resonance. 

6. Repeat (a) when k — 0.05. 

31. Derive the following equations in the text: (a) Eq. (59a), (6) Eq. (61a), (c) 
Eq. (64a), and (d) Eq. (60). In the last case start by deriving the equation of second- 

, ary current, and from this deduce the equivalent Q of the secondary-current curve. 

32. Explain why a transformer in a shield of permalloy or similar alloy reduces 
the hum pick-up as compared with a cast-iron shield. 

33. * What is the effective value of the noise voltage in the output of an amplifier 
having an over-all voltage gain of 100,000 times, if the input resistance across the first 
grid to filament is 100,000 ohms and the amplifier gives substantially constant gain 
over the band 40 to 8000 cycles and very little gain outside this range? 



VACUUM-TUBE AMPLIFIERS 


143 


34. In a triode resistance-coupled amplifier: 

M = 100 

Rp = 125,000 ohms 
Rc == 250,000 ohms 
Rol — 500,000 ohms 
Cc = O.Ol 

Ct — 60 /Ll/if 

Cap - 1.7 fJLfxi 
Cyf = 1.7 nixi. 

Calculate and plot the input capacitance and input resistance as a function of 
frequency for the frequency range 1000 to 30,000 cycles. 

36. Discuss the way in which the magnitude of the input capacitance and input 
resistance of an unneutralized tuned triode amplifier varies with frequency. Include 
a sketch showing type of variations to be expected. 

36. a. Design filters for the first two stages in the example of Sec. 47 if the ampli¬ 
fication per stage is increased to 110, and discuss the effect of the total amplification 
upon the tendency to regenerate. 

h. Repeat (a) when the lowest^ frequency for which the filters are to be effective 
is 15 cycles, and the gain per stage is 60. Compare the results with those of the 
example in the text and explain why it is important that the low-frequency response 
be no better than actually required. 

37. A three-stage resistance-coupled amplifier is to be constructed following the 
first column in Table VI, page 104. Design suitable filter systems for the plate leads 
of the first two stages so that the regeneration voltages acting in the plate circuits of 
the first two tubes will not, at frecpiencies exceeding 25 cycles, be greater than 10 per 
cent of the voltages which these tub(‘s apply to the succeeding grids. The common 
plate impedance is an 8-/Lif condenser. 

38. Regeneration in tuned radio-frequency amplifiers is normally most pronounced 
at the high-frequency end of the tuning range. Explain. 

39. Devise a circuit for applying negative feedback to a two-stage resistance- 
coupled amplifier in which the feedback takes place from the output of the second 
stage to the input of the first stage. 

40. In the feedback circuit of Fig. 77, the use of feedback makes the voltage 
developed across the load resistance fall off less at low frequencies than when there 
is no feedback, but does not reduce the falling off at high frequencies. Explain. 

41. Sketch the circuit diagram of a volume control suitable for use with an 
impedance-coupled amplifier. 

42. a. What would be the objections to varying the amplification in the resistance- 
coupled amplifier of Fig. 58 by varying the grid-leak resistance? 

6. What would be the disadvantage of controlling the amplification of a trans- 
former-coupled amplifier by varying a resistance shunted across the secondary? 

43. a. Plot the amplification curve of Fig. 58 in decibels, assuming that the gain 
at 1000 cycles is taken as zero decibels. 

b. What is the gain in decibels corressponding to zero decibels in (o)? 

44. Analysis of the characteristic curves of a particular triode tube shows that at 
the operating point fx = 10, Rp = 50,000, Gm == 200 /imho, dGml^Eg = 10“®, and 
SHIm/dEg^ - —10"^. Calculate the exact currents that will flow in the plate circuit 
up to and including third-order effects, when an alternating signal potential of 2 volts 
crest value is applied to the grid of the tube and the load resistance is negligible. 

46. The amount of second-harmonic distortion produced in an amplifier when the 
applied signal is a sine wave is often estimated roughly by noting the change in d-c 
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plate current produced by the presence of the signal. Demonstrate with the aid of 
Table VIII that this rectified plate current is proportional to the amount of second 
harmonic present even when all effects up to and including the third order are taken 
into account. 

46. An amplifier is overloaded so that the tube operates sufficiently far into the 
curved part of its characteristic to make effects up to and including the third order 
important. If the signal applied to the input consists of a 200-cycle wave and its 
sixth harmonic, 1200 cycles, list the frequencies of the components present in the out¬ 
put of the amplifier. 



CHAPTER VI 


POWER AMPLIFIERS 

62. Class A Power Amplifiers Emplo 3 dng Triode Tubes. —In a power 
amplifier the object is normally to develop as much power output as 
possible without much regard to the signal voltage required to accomplish' 
this result or the voltage at which this power is obtained. This is in 
contrast with the voltage amplifier, where the object is to increase a 
relatively small signal voltage as much as possible. In the Class A 
amplifier the tube is operated so that plate current flows at all times, and 
so the output voltage will have as nearly as possible the same wave shape 
as the signal voltage. 

The problems involved in realizing the full possibilities of a triode 
tube as a Class A power amplifier can be understood with the aid of 
Fig. 82. Consider first the action in the circuit of Fig. 82a, in which the 
load resistance is connected directly in series with the plate circuit of 
the tube. The voltage actually at the plate of the tube in the absence 
of an applied signal has a value Ebj and this together with the grid bias 
Ec and corresponding plate current h determines an operating point such 
as indicated by 0 in Fig. 82d. An alternating vsignal voltage applied to 
the grid of the tube superimposed upon the grid bias then causes varia¬ 
tions in the plate current and hence in the voltage drop in the load resist¬ 
ance. The voltage at the plate of the tube then varies likewise, since this 
voltage is the plate-supply potential minus the drop in the load resistance. 
In particular, at the positive peak of the signal the instantaneous plate 
current tends to be large, and the instantaneous plate voltage hence is 
lower than the voltage Eb at the operating point. Similarly, at the 
negative peak of the signal voltage the instantaneous plate current is 
small, and the instantaneous plate potential is larger than the voltage 
Eb at the operating point. The way in which the instantaneous operating 
condition varies when the signal voltage is applied is given by the line 
that is drawn through the operating point 0 and marked dynamic charac¬ 
teristic in Fig. 82d. 

The dynamic characteristic gives the relation that exists between the 
input voltage wave and the output voltage wave, as shown in Fig. 82d. 
Thus with the operating point at Eb ~ 160 volts, Ec — —30 volts, and 
Ib = 21.6 mra, as shown, a signal having a crest amplitude of 30 volts 
varies the instantaneous plate current from a maximum value 1^^ of 
38.6 ma to a minimum value of 6.5 ma. At the same time the 
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instantaneous plate potential varies from a minimum value of about 
95 volts to a maximum of 217 volts, with the maximum coming 
when the instantaneous current is a minimum. The dynamic charac¬ 
teristic does not follow the static characteristic curve of the tube because 


(a) Load Resistance (b) Transformer (c) Shunt-feed 

Directly in Plate Coupling -te Coupling to 

Circuit Load Load 



Fio. 82.—Circuitfl of power amplifier together with dynamic characteristic suitable for 
Class A operation without driving the grid positive, and resulting input and output waves. 

of the variation of instantaneous plate voltage that is produced by the 
variations in signal voltage E, applied to the grid. 

The circuit of Fig. 82a has the disadvantage that a considerable 
amount of direct-current energy is dissipated in the load resistance. This 
can be avoided by coupling the load into the plate circuit with the aid 
of a transformer, as shown at Fig. 826, or by use of the shunt-feed circuit 
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of Fig. 82c. With these arrangements the plate-supply voltage differs 
from the operating voltage Et only by the resistance drop in the choke 
or transformer, which is quite small. The action insofar as the dynamic 
characteristic is concerned is, however, essentially the same as with the 
arrangement of Fig. 82a. This is because of the action of the inductance 
through which the plate current must flow. Thus if in Fig. 825 the grid 
potential suddenly becomes sufficiently negative to reduce the plate 
current to a small value, this change in current induces a voltage across 
the primary inductance that adds to the plate-supply potenlial and 
increases the instantaneous plate potential above the operating value 
and hence above the plate-supply voltage. As long as the average or 
d-c plate current does not change when the signal voltage is applied, the 
same dynamic characteristic applies to circuits a, 5, and c of Fig. 82, 
provided the operating point is the saine.^ 

In order for the output wave in Fig. S2d to have the same shape as the 
signal, it is necessary to restrict the operating range to the portion of the 
dynamic characteristic that is substantially linear. The practical limit¬ 
ing factors are the excessive curvature of the dynamic characteristic at 
low plate currents and the fact that, if the grid is driven positive, the 
grid current that results tends to distort the input wave. 

For proper operation it is necessary to have a careful balance between 
the operating point, signal voltage, and load resistance. Thus for a 
given operating point there is a particular load resistance that will utilize 
the amplifier possibilities to the best advantage. This is illustrated in 
Figs. 83 and 84. For the operating point used in Fig. 83, the load resist¬ 
ance giving optimum operation for the case of no grid current is marked 
b. With this load resistance the dynamic characteristic is such that a 
signal voltage that is just sufficient to bring the instantaneous grid poten¬ 
tial to zero potential at the positive peaks of the signal cycle will at the 
negative peaks bring the instantaneous grid potential to the point where 

‘ When the d-c current does chanj^e when a signal is applied, the dynamic char¬ 
acteristic of Fig. H2d is exactly correct only for circuit a. With circuits b and c any 
change in d-c current produces little or no change in d-c plate voltage, whereas the 
dynamic characteristic of Fig. S2d assumes that the change in d-c current flows through 
the load resistance. This results in an error which, however, is quite small unless the 
distortion of the output wave is large. Thus in Fig. 82, the d-c component of plate 
current for a signal of 30 volts crest is ma, corresponding to a drop of only 1.9 volts 
in the 3800-ohm resistance. 

The error arising from the change in plate current caused by applying a signal 
can be eliminated by drawing the dynamic characteristic as though the plate poten¬ 
tial at the operating point was Eb -h RiAi instead of Eb, where Eb is the plate potential 
actually at the operating point, and At is the increase in plate current caused by the 
presence of the applied signal. Inasmuch as At depends on the way in which the 
dynamic cliaracteristic is drawn, it is necessary to locate the dynamic characteristic 
by a trial-and-error process if an exact correction for It is to be obtained. 
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the dynamic characteristic begins to be excessively curved. The dis¬ 
tortion of the oujbput wave is then small. With a higher load resistance, 
corresponding to the dynamic characteristic marked c, the same signal 
will fail to reach the region of excessive curvature and the output power 
will be less. On the other hand, a low resistance, such as that correspond¬ 
ing to the dynamic characteristic marked a, causes operation to extend 
ihto the region of excessive curvature, even with signal voltages that do 
not drive the grid positive, and results in high distortion. 

Operation so that the grid is driven positive at the peak of each signal 
cycle requires that the load resistance be increased to a value greater than 



“80 “60 “40 “20 0 -1-20 

Grid Voltage 


Fig. 83.—Characteristic curves of power amplifier together with dynamic characteristics 
for three different values of load resistance. The dotted lines show grid current. Note 
that if the grid is driven positive the proper load resistance is greater than negative-grid 
operation with the same operating point* 


if the grid is maintained negative. This is apparent from Fig. 83, where, 
for a signal of 50 volts crest (grid driven 20 volts positive) shown, the 
optimum load resistance corresponds to dynamic characteristic c. 

As the grid bias of the amplifier is made more negative without chang¬ 
ing the operating plate voltage, the optimum load resistance becomes 
greater, as shown in Fig. 84. This is irrespective of whether or not the 
grid is driven positive, although for any given operating point, positive- 
grid operation calls for a higher load resistance than when the grid must 
be negative at all times. 

Power Relations and Efficiency .—^The alternating voltage developed 
across the load resistance in the plate circuit of a power amplifier swings 
the actual plate potential from a maximum value to a minimum 
value Eata, as shown in Fig. 82d, while the current swings from a value 
I _ to The alternating components of voltage and current have 
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peak amplitudes that are half these total swings. The power delivered 
to the load is equal to half the product of peak a-c voltage and peak a-c 
current, and so is given by the equation: 

Power output = - I^) 

O 

The plate efficiency of a power amplifier is equal to the ratio of useful 
power delivered to the load as given by Eq. (81), to the d-c power sup- 



istics for optimum load resistance for negative-grid operation with different operating 
points. Note that, as the operating grid bias becomes more negative, a higher load resist¬ 
ance is required if the operating plate potential is unchanged. 

plied the plate circuit. The latter is equal to the product of plate battery 
voltage Eb and plate current The plate efficiency is hence 

Txi j • (^Enxtkx E min) {,1 m»x /min) 

Plate efficiency — ~~SEbI 

This expression for efficiency is correct even when moderate distortion 
is present provided the d-c plate current h used in Eq. (82) is taken to 
mean the d-c plate current actually flowing when the signal is applied. 
That is to say, the d-c plate current used in Eq. (82) should include the 
plate current present in the absence of signal, plus whatever change in 
d-c current is produced by the non-linear or rectifying action of the tube. 

The maximum efficiency that it is possible to obtain in a Class A 
amplifier is 50 per cent. This is because Emin /min can never be 
less than zero, while E^mx ^nd Immx cannot exceed twice the operating 
voltage and current, respectively. The actual efficiency is always less 


150 


FUNDAMENTALS OF RADIO 


[Chap. VI 


than 50 per cent and depends upon the ratio of E^n^/Eh and /min/Zb. 
These ratios depend upon operating conditions. When the operation is 
such that the grid is not driven positive, the efficiency is commonly 15 
to 25 per cent with small power tubes such as used in radio receivers and 
may reach 40 per cent with tubes operated at higher plate voltage. 
Operation so that the grid is driven positive usually results in increased 
efficiency because it is then possible to draw the maximum plate current 
through the tube at the positive peaks of the cycle with a smaller 
minimum plate potential E^^^^ than is possible when the grid is not 
positive. The efficiencies realized under practical conditions with the 
grid driven positive normally reach 30 to 40 per cent. 

Selection of Operating Conditions .—The basis of adjusting a power 
amplifier for best results varies with the type of operation desired. The 
principal factors to be considered are whether or not the grid is to be 
driven positive, the allowable plate dissipation of the t(ibe, and the allow¬ 
able plate voltage at the operating point. 

The choice between operating a Class A amplifier with or without 
grid current depends upon the circumstances of the particular case. 
When the grid is not allowed to go positive, there is no distortion of the 
exciting voltage, less exciting power is required, and the amplifier is less 
difficult to design. At the same time, the plate efficiency and hence the 
output power are generally less than with positive-grid operation. The 
economics of the situation are such that allowing the grid to go positive 
becomes increasingly desirable as the power involved increases, because 
then the savings resulting from improved efficiency are of greater impor¬ 
tance. In addition, the development of negative feedback has made it 
possible to compensate for the distortion introduced by grid current and 
thereby has reduced to some extent the advantage's of negative-grid 
operation. 

In adjusting a power amplifier for positive-grid operation the grid bias 
is selected so that the rated d-c plate current is obtained at normal plate 
voltage. The amount the grid is to be driven positive is then decided 
upon, and the proper load resistance for these conditions is selected. 

When it is desired to operate without driving the grid positive, the 
maximum ‘‘undistortedpower output^ is obtained when the load resist¬ 
ance approximates twice the plate resistance. This is the basis of adjust¬ 
ment normally used with power tubes operating at plate voltages of 
,250 to 300 volts and gives plate efficiencies of 15 to 20 per cent. Tubes 
intended for operation at higher plate potentials are usually so designed 

‘The term undistorted^^ power output used in connection with audio amplifiers 
means that the distortion is small enough so as not to be excessive. In audio-fre¬ 
quency power amplifiers the allowable distortion is commonly arbitrarily taken as 
5 per cent, which approximates the value that is just noticeable to the ear. 
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that, if the grid bias is the proper value for a load resistance twice the 
plate resistance, the allowable plate current is exceeded. With such 
tubes the negative grid bias must be increased until the rated plate current 
is obtained. The proper load resistance is then greater than twice the 
plate resistance. This raises the plate efficiency correspondingly, with 
values of 30 to 40 per cent often being possible. 

The final determination of load resistance, irrespective of whether or 
not positive-grid operation is used, is preferably made by trying out 
various values of load resistance and selecting the one giving the most 
output with reasonable distortion. Graphical methods of doing this are 
given below. 

Calculation of Distortion .—The dynamic characteristic of a Class A 
power amplifier gives the relation between instantaneous plate current 
and instantaneous signal voltage on the grid, for the case of a resistance 
load. The dynamic characteristic can hence be used to determine the 
wave shape of the output voltage as illustrated in Fig. 82d. In an ideal 
amplifier the dynamic characteristic would be a straight line over the 
operating range, so that the output wave would exactly reproduce the 
signal voltage. Actually, however, there is distortion because the charac¬ 
teristic curves of the tubes are not straight lines. Where the tube charac¬ 
teristics do not have an inflection point over the operating range, the 
principal distortion produced in th(' cas(» of a sine-wave signal consists of a 
second-harmonic component, which is accompanied by an increase in the 
d-c plate current (commonly termed the rectified^’ plate current). 
These second-harmonic and d-c components, as well as the fundamental 
component of the out})ut, can be evaluated from a knowledge of the 
instantaneous plate current at the operating point, and at the maximum 
and minimum points on the dynamic characteristic, according to the 
relations^ 


Direct-current component = /to = 

J \w&x -^inin b 

(83o) 

4 

Fundamental = /li = 

I mAx I min 

" 2 

(835) 

Second harmonic = /I 2 = 

I u^&x “1“ I min b 

(83c) 

4 

Second harmonic _ /I 2 _ 
Fundamental Ai 

lu^nx I mm b 

2(Zmax -/^min) 

(83d) 


^ Equations (83) and (84) assume that the load offers the same resistance to the 
rectified’^ plate current as to the alternating components. In the usual case 
the load is coupled to the plate circuit of the tube by an output transformer, and the 
resistance of the load to the rectified current is accordingly zero. Under such circum¬ 
stances Eqs. (83) and (84) involve a slight error which is usually of a character such 
as to make the calculated distortion higher than the actual distortion, and which cau 
if desired, be corrected for as indicated in the first footnote of this section. 
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Power output = ^ 

The notation is indicated in Fig. 82d. 

When third- and fourth-harmonic components can be expected in the 
output, as will be the case with pentodes and with badly overloaded 
triodes, one can determine the components by obtaining from the dynamic 
characteristic the instantaneous plate current when the applied voltage 
wave is at zero, maximum, and minimum and at 0.707 of the maximum 
and minimum values. The formulas then are 


Direct-current) _ 
component / 

Ao = 

/^(/max + I min) + /2 + ^3 “ S/ft 

Fundamental = 

A^ = 

\/2ir 

2 7 ^ 3 ) “1“ I max I min 

4 

(845) 

Second harmonic = 

A 2 == 

-7max “f“ 

Imin ~~~ 21 b 

4 

(84c) 

Third harmonic == 

A, = 

■Imax 

I min ““ 2 A 1 

2 

(84d) 

Fourth harmonic = 

A, = 

2Ao - 

I 2 h 

2 

(84e) 

Power output = 

A^^R, 

'2 



(84/) 


The notation is indicated in Fig. 82d. 

In using Eqs. (83) and (84) one needs only the plate current at certain 
critical parts of the cycle and does not require the complete dynamic 
characteristic. Tliese critical points can be obtained most readily by the 
construction shown in Fig. 85, rather than by plotting out the entire 
characteristic as in Fig. 82d. Here a straight line, called the load liney is 
drawn through the operating point {Eiy h) with a slope such that it inter¬ 
sects the zero plate-current axis at a plate voltage Eb + IbRL, where Rl 
is the load resistance, as shown in Fig. 85. This load line is a dynamic 
characteristic of the type shown in Fig. 82, but plotted on an Ep~Ip 
coordinate system, as can be seen by comparing individual points. The 
load line of Fig. 85 can be thought of as showing how the voltage at the 
plate of the tube varies as variations in grid bias cause plate-current 
variations. Since the change in plate voltage is proportional to the 
change in plate current for a resistance load, the load line is straight. 
This is in contrast with the curvature obtained when the dynamic charac¬ 
teristic is plotted on the grid-voltage-plate-current coordinate system of 
Fig, S2dy which arises because the plate current is not exactly proportional 
to the grid voltage. The load line has a negative slope because the 
potential at the plate decreases a^ the plate current increases. The load 
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line also intersects the zero plate-current axis as indicated above, because 
when the plate current is zero the change in plate current is —h, and this 
flowing through the load resistance Rl produces a drop —hRi, that when 
subtracted from the operating voltage Ei, makes the plate potential 
Eb -|- IhRh- 

The use of load lines in determining power output and distortion for a 
particular load resistance is illustrated by the following example. 



Fia. 86.—Load line drawn on plate-voltage-plate-current curvee corresponding to 
dynamic characteristic of Fig. 82, showing critical points used in Eqs. (84) and (86) to 
determine distortion. 

Example.—Obtain data for drawing the load line of Fig. 85 for the operating point 
shown and Rl — 3800 ohms, and from the load line calculate the power output, plate 
efficiency, and the distortion when the signal voltage is 30 volts crest (z.e., when the 
signal has the maximum value that will not drive the grid positive). 

The load line is obtained by drawing a straight line through the operating point 
Eb =* 160 volts, Ib = 21.5 ma, and intersecting the zero plate-current line at a plate 
potential of 160 -f 3800 X 0.0215 = 242 volts. This is the line shown in Fig. 86. 

The distortion can be calculated from Eq. (83) because the tube is a triode not 
badly overloaded. Examination of Fig. 85 shows that when the instantaneous grid 
potential is zero (positive crest of signal) /max = 38.5 ma, and Emin = 95 volts. 
Similarly, when the instantaneous grid potential is —60 volts (corresponding to the 
negative peak of the signal), Emax = 217 volts, and /min = 6.5 ma. Substituting 
these values in Eq. (83) gives 


„ , , (217 - 95) (0.0385 - 0.0065) ^ 

Power output = ^- - —^^ = 0.48 watt 


8 

Second harmonic 38.5 + 6.5 — 2 X 21.5 


Fundamental 

Direct-current component = 


2(38.5 - 6.5) 

38.5 -f 6.5 2 X 21.5 


0.031 
0.5 ma 


0.48 


Plate efficiency - ^eo X (0.02i6To:0 0 0 5) X ® P«' 
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In practical operation, if this distortion of 3.1 per cent is less than can be allowed, 
more undistorted’* power output can be obtained by using a lower load resistance. 
In such circumstances load lines are drawn for various resistances until the most 
favorable conditions are found. 


Equations (83) and (84) are limited to the case of sine-wave signals 
and resistance loads. The behavior for this important case is particularly 
significant, since it indicates what can be expected under all conditions. 
However, when a more comprehensive picture of the amplifier behavior 
is desired, as for example the behavior when there is a complex signal 
wave, the analysis can be carried out by the power-series method dis¬ 
cussed in Sec. 51. 


(a) Wave Shape of Exci+ing Voltage 

Wave shape in absence 
of grid currenf 
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Distortion of the Signal Voltage 
Resulting from Grid Current .—When 
an amplifier is operated so that the 
grid goes positive at the positive 
peaks of the exciting voltage, the 
resulting grid current causes a drop 
in voltage that flattens off the posi¬ 
tive peaks of the exciting voltage. 
The result is hence a distortion in 
the wave shape of the exciting volt¬ 
age, as shown in Fig. 86. If iym rep¬ 
resents the instantaneous grid 
current flowing at the peak of the 
cycle and Z, represents the impedance that the grid of the tube 
sees when looking back toward the source of exciting voltage {i.e., 
Zf is the source impedance), then the actual signal voltage applied to the 
grid at the positive peak is le.ss than it should be by an amount Zsigm. It 
is therefore apparent that, in ordertto keep the distortion small, the volt¬ 
age drop Zgigm must be made small compared with the crest exciting 
voltage Esj by making the source impedance Z, low or by not driving the 
grid far enough positive to draw much grid current, or both. Assuming 
that grid current flows for less than one-fourth the cycle, it can be found 
from Eq. (84) that the distortion of the driving voltage produced by the 
flattening of the positive peaks is 


Fig. 86.—Wave shape of exciting volt¬ 
age when grid is driven positive, showing 
flattening of the positive peaks resulting 
from grid current. 


Second harmonic 

_ Zfigtn _ 

^ gig m 

Fundamental 

~ 415. - Z,i,„ 

iE, 
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_ ^ nig m _ 
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Fundamental 
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_ ^ iig m ^ 

Zgigm 

Fundamental 

8Eg — 2Zgiyrn 



In these equations Eg is the crest exciting voltage that would be obtained 
if there were no flattening. The phase of the second harmonic is such 
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as to tend to cancel the second harmonic generated by the curvature of 
the dynamic characteristic. An idea of the amount of flattening per¬ 
missible can be gained by noting that, if the voltage drop produced by 
the grid current in flowing through the source impedance is 20 per cent 
of the crest signal voltage, the second- and third-harmonic components 
are each 5 per cent and the fourth is 2.5 per cent. 

Tubes in which the grid is driven positive are preferably operated 
from transformer-coupled amplifiers having a low voltage step-up, or even 
a step-down. In this way the impedance Z* of the source, as viewed 
by the grid of the power tube, will be low. The low transformation ratio 
reduces the voltage gain of the driving amplifier, and this together with 
the distortion of the exciting voltage is the price paid for the increased 
output obtained with positive-grid operation. Resistance coupling to a 
grid which is to be driven positive is not desirable (unless the grid leak 
is replaced by a choke as in Fig. 666), because the grid current in flowing 
through the grid leak produces a bias on the grid of the power tube. 

The proper use of negative feedback (see Sec. 48) is of considerable 
assistance in reducing the distortion of the driving voltage resulting from 
grid current. 

Tubes for Class A Power Amplifiers .—The type of tube best suited for 
use as a Class A power amplifier differs from the tube preferred for voltage 
amplification. In particular, since the undistorted” power output 
obtainable is commonly from 15 to 40 per cent of the direct-current power 
supplied to the anode electrode, it is apparent that the allowable anode 
dissipation must be proportional to the amount of output power desired. 
Also, in order to obtain the direct-current input power required to develop 
a reasonable output, it is necessary that the plate-supply voltage, or the 
rated d-c plate current, or both, be high. 

In small power tubes, such as those used in radio receivers, the plate- 
supply voltage is limited by practical considerations of safety to about! 
250 to 300 volts. It is then necessary to timploy tubes having a propor¬ 
tionately large plate current in order to obtain the necessary plate input > 
power. In order that this large plate current may flow with a low plate 
voltage, it is necessary in the case of triode tubes to have a low amplifica¬ 
tion factor, commonly 2.5 to 5. In tubes designed for higher voltage 
operation, the plate current can be smaller in proportion to plate voltage, 
and amplification factors such as 8 to 20 are permissible. 

The characteristics of typical Class A power-amplifier tubes of the 
sizes used in radio receivers and small public-address systems are tabu¬ 
lated in Table IX. The table includes triodes, double-grid tubes, triple¬ 
grid tubes, and pentodes. The double- and triple-grid tubes can be 
connected as Class A triode amplifiers by using the inner grid as the con¬ 
trol electrode and connecting the remaining grid or grids to the plate. 
Pentode tubes are considered in the following section. Data on large 
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triode tubes such as are sometimes used as Class A amplifiers in radio 
transmitters are given in Table X, page 158. 

63. Class A Power Amplifiers Using Pentode and Beam Tubes.— 
Class A power amplifiers using pentode and beam tubes require special 
consideration because the plate current of such tubes is substantially 
independent of plate voltage except at low plate voltages. As a con¬ 
sequence the dynamic characteristic is as shown in Fig. 87a and follows 
the characteristic curves of the tube irrespective of the load resistance 
except when the plate voltage becomes low. As compared with the cor¬ 
responding characteristic of a triode shown in Fig. 82d, the dynamic 
characteristic of Fig. 87a has much greater curvature and develops an 
inflection point when the plate potential becomes so low that a virtual 
cathode forms in the tube. 




Fig. 87.—Dynamic characteristic of beam tube and resulting output waves for several 
values of load resistance, together with corresponding load lines. Note that the dynamic 
characteristics follow the characteristic curves of the tube except when the plate voltage 
becomes so low that a virtual cathode forms in the tube. 


The voltages for the screen atjid control-grid electrodes of pentode 
and beam power amplifiers should be so chosen that a signal, which at the 
negative peak makes the instantaneous grid potential approach but not 
quite reach cut-off, will at the positive peaks bring the instantaneous 
grid potential to zero or the desired amount positive, as the case may be. 
At the same time the voltages must be such that the plate current at the 
operating point approaches the rated value. 

The load resistance used in a pentode or beam power tube should be 
such that the minimum instantaneous plate potential reached at the 
positive crest of the exciting voltage is as low as possible without a virtual 
cathode forming. If this value of instantaneous potential is designated 
as Enin> then the crest alternating-current voltage developed across the 
load will be (Eh — and this must be produced by an alternating 

current having a crest amplitude (I^^ — 7»), where Ih is the plate current 
at the operating point and 7 — is the instantaneoiu plate current at the 
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positive crest of the cycle when the instantaneous plate potential is 
Hence 

Proper load resistance for pentode 
or beam power amplifier 

If the load resistance is too high, the peaks of the output wave are flat¬ 
tened, whereas if the load resistance is less, there is considerable loss in 
output. 

Exact determination of the load impedance that gives the maximum 
output for a given allowable distortion can be carried out exactly as in 
the case of triodes. The only difference is that, since there is normally 
third-harmonic distortion in the output of pentode and beam tubes, Eq. 
(84) must always be used. 

Compared with triode power amplifiers, pentode and beam tubes have 
the advantage that, with plate potentials below 500 volts, the plate 
efficiency, and hence the output power, are greater. Pentode and beam 
tubes also have the advantage of requiring a considerably smaller signal 
voltage to develop full output. The chief disadvantage of such tubes is 
that they have high distortion. This is in fact so bad that it is necessary 
to employ negative feedback if even reasonably low distortion is required. 
Beam tubes are superior to pentodes with regard to distortion and 
accordingly are rapidly displacing pentode tubes as power amplifiers. 
Characteristics of typical pentode and beam power tubes are given in 
Table IX. 

64. Output Transformers for Class A Amplifiers. —The load imped¬ 
ance is usually coupled to the plate circuit of a Class A power amplifier 
by means of a transformer as shown in Figs. 826 and 88a. This arrange¬ 
ment avoids passing the d-c plate current through the load impedance and 
also makes it possible by the use of the proper turn ratio to make any load 
present the desired impedance to the tube. 

The use of an output transformer causes the output of the amplifier 
to fall off at high and low frequencies in the manner shown in Fig. 89. 
The falling off at low frequencies is caused by the shunting action of the 
transformer primary inductance, whereas the falling off at high fre¬ 
quencies is caused by the voltage consumed in the leakage inductance. 

Analysis of Frequency-response Characteristics ,—The equivalent cir¬ 
cuit of an output transformer reduced to unity-turn ratio is shown in 
Fig. 886. In this circuit the tube and distributed coil capacitances have 
been neglected, as have the core losses, since all of these factors have 
relatively little effect in a properly constructed output transformer. The 
essential elements in the equivalent circuit are seen to be the primary 
inductance, the leakage inductance, the turn ratio, and the direct-current 
resistances of the windings. 


}= 


Eb Emm 

JTxnax Ib 


( 86 ) 
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At moderate frequencies the reactance of the primary inductance is so 
high as to have negligible shunting effect, while the reactance of the 
leakage inductance is so low as to produce very little voltage drop. The 


(a) Actual Circuit of Power Tube with 
Output T ransformer 


•no 


Rl 


f * 


(b) Practical Equivalent Circuit Reduced 
to Unity Turn Ratio 


(c) Simplified Equivalent Circuit Accurate 
for Middle Range of Frequencies 



(d) Simplified Eauivalent Circuit 
Accurate for Low Frequencies 


n^Ri hEL=e$ 
_Z 



(e) Simplified Equivalent Circuit Accurate 
for High Frequencies 


L|=L,+n’L2 





jbL ~ amplification factor of tube 
Rp= plate resistance of tube (in a push-pull 
amplifier Ro is twice the plate resistance 
of one tube) 

Ri = d-c resistance of primary winding 
Rp= Rp+R,= effective plate resistance 
R2= resistance of secondary winding 
load resistance 

RL = h^(R4tR2)“®tfective load resistance 
reduced to unity turn ratio 
R = RJ Rp 7 (RL + Rp)=resistanceformedby 
Rp and R[in parallel 

R' = Rl+Rp * sum of effective load and 
effective plate resistances 

n ® step down voltage ratio* ratio of 
primary to secondary turns 


Lp= primary Inductance with appropriate d-c 
saturation 

Li = leakage inductance of primary winding 
L2 * leakage inductance of secondary winding 

L/ = L,^n^L2= total leakage inductance reduced 
to unity turn ratio 

X = wLp = reactance of transformer primary 
inductance 

= reactance of transformer leakage 
inductance 
65= input voltage 
El= output voltage 


Fig. 88.—Actual circuit of power amplifier with output transformer, together with equiva¬ 
lent circuits used in determining the frequency response. 


equivalent circuit for all practical purposes then reduces to that shown 
iu Fig. 88c, and the output voltage becomes 

Output voltage in middle-) _ ^ _ / _ ^i uRl \ 

frequency range / ^ + Rl) ^ 


The notation is shown in Fig. 88. 
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At low frequencies it is not permissible to neglect the shunting react¬ 
ance of the primary inductance, so that the equivalent circuit then takes 
the form shown in Fig. 88d. Analysis of the voltage and current relations 
of this circuit shows that 


(Output voltage in middle- 
Output voltage at) ^ (frequency ra n ge 
low frequencies j Vl + 


( 88 ) 


Examination of this equation shows that the falling off in response at 
low frequencies is determined only by the ratio of the reactance X of the 
primary inductance to the resistance R formed by the effective load 
and the effective plate resistances in parallel. The 70.7 per cent response 



Ri = PKimary resistance = 356.5 ohms 


1 ^2* Secondary resistance- t.2!ohms 


Rp= Plate resistance » 1,700 ohms 


Rl= Load resistance = 18ohms 


Lp* Primary inductance = 11.1 henries 


L, = Equivalent leakage inductance = 0.219 henries 


n = Turn ratio (step-down ratio) = 15.8 


p = 3.48 


es= 28 volts crest 


10 100 ^ 1,000 10,000 
Frequency in Cycles per Seconds 

-Way in which the amplification varies with frequency in a typical power amplifier 
with output transformer. 



point occurs when the primary reactance equals this resistance ^ and the 
response at other frequencies can be obtained from Fig. 90. 

At high frequencies the shunting effect of the primary inductance is 
negligible, but it is necessary to take into account the voltage drop in the 
leakage inductance. This leads to the equivalent circuit of Fig, 88e, 
which gives 

(Output voltage in 

Output voltage at) _ (frequenc y range 
high frequencies / + 



An examination of this equation shows that the falling off in response at 
high frequencies depends upon the ratio of the reactance of the leakage 
inductance to the sum of the effective load and effective plate resistances. 
The 70.7 per cent response point occurs when the frequency is such that the 
leakage reactance equals the sum of these resistances. The response at 
other high frequencies can be obtained from Fig. 90. 
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The curve of Fig. 90 can be thought of as a universal amplification 
curve, since it gives the relative high- and low-frequency response for 
any output transformer. The practical use of this universal amplifica¬ 
tion curve of the output transformer can be understood by the following 
example. 



X _ Reactance of primary inducionce _ X^. Reoctonce of leokoge inductance 

R"Resistance formed by Rpond R^in parallel R'"Resistance formed by R'pondRjnseries 

Fiq. 90.—Universal amplification curve showing the way in which the amplification of an 
output transformer falls off at high and low frequencies. 


Example. —Calculate the frequency-response curve of the output transformer of 
Fig. 89. 

In the middle range of frequencies, Eq. (87) shows that the load voltage El is 

rr _ oo 3.48 X 15.8 X 18 „ , w 

^^1700 -f 356.5 + 15.8*(18 -f 1.21) 

At low frequencies the output according to Eq. (88) falls to 70.7 per cent of this value 
when 


2ir/ X 11.1 


15.8*(18 + 1.21) X (1700 + 356.5) _ 
15.8*(18 + 1.21) 4- (1700 + 356.5) 


from which / = 20.6 cycles. Amplification at other frequencies is obtained from 
Fig. 90, which shows that at 0.5, 1.0, 2, and 5, times the 70.7 per cent frequency of 
20.6 cycles, the output voltage is 0.45, 0.707, 0.89, and 0.98 respectively times the 
mid-range value of 4.1 volts. Hence the output at 10.3, 20.6, 41.2, and 103 cycles is 
1.85, 2.90, 3.65, and 4.02 volts respectively. 

The high-frequency response is determined by Eq. (89), which shows that the 
output drops to 70.7 per cent of the mid-range value when 2ir/ X 0.219 « 4800 4- 2056, 
or / = 4,980 cycles. Other high-frequency points are obtained from Fig. 90, which 
shows that at 0.2, 0.5, 1.0, and 2, times this frequency, the relative output voltage is 
0.98, 0.89, 0.707, and 0.45 respectively. The actual output at 996, 2490, 4980, and 
9960 cycles is therefore 4.02, 3.65, 2.90, and 1.85 volts. 

These results are shown as a frequency-response curve in Fig. 89. 


Examination of Eqs. (88) and (89), and also of Fig. 90, shows that 
for the best frequency response, the leakage inductance should be low 
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and the primary inductance high. It is also seen that the use of a high 
load impedance improves the response at high frequencies, but makes the 
response at-low frequencies worse. 

Transformer Characteristics .—The turn ratio of the transformer should 
be such that the load impedance that the plate of the tube sees when 
looking toward the transformer primary is the value for proper amplifier 
operation. If n is the ratio of primary to secondary turns, a load imped¬ 
ance Zl connected across the secondary appears to have a value of u^Zl 
when viewed from the primary of the transformer. This fact deter¬ 
mines the proper value of n to match a given load to a particular tube 
requirement. 

The primary inductance that is effective in an output transformer is 
the incremental inductance with the appropriate direct-current saturation, 
and is commonly measured at about 500 cycles. The transformer leak¬ 
age inductance can be determined by measuring the inductance across 
the primary terminals when the secondary is short-circuited. The turn 
ratio is obtained by measuring the voltage ratio at a moderate frequency 
with the secondary open-circuited. 

The power rating of an output transformer is determined by the 
current-carrying capacity of the winding and the voltage that may be 
developed across the primary without excessive flux densities in the core. 
When the flux density in the core is high, the magnetizing current becomes 
large and also has a wave shape that is seriously distorted. Since the 
magnetizing current flows through the plate resistance of the tube, a 
distorted wave of magnetizing current causes the voltage across the 
transformer primary likewise to be distorted. Distortion from core 
saturation is greatest at the lowest frequency to be amplified, because 
the flux density in the core is inversely proportional to frequency. 

66. Push-pull Class A and Class AB Amplifiers. —In the push-pull | 
amplifier two tubes are arranged as shown in Fig. 91. The grids are 
excited with equal voltages 180® out of phase, and the outputs of the two 
tubes are combined by means of an output transformer having a center | 
tap. The advantages of the push-pull connection, assuming identical^ 
tubes, are: ““ ' 

1. No direct-current saturation in the core of the output transformer and hence 
higher incremental inductance with correspondingly better low-frequency response. 
(The direct currents in the two halves of the primary magnetize the core in opposite 
directions and so produce zero resultant magnetization.) 

2. There is no current of signal frequency flowing through the source of plate 
power. This means the push-pull power amplifier produces no regeneration even 
when there is a plate impedance common to the iK>wer and other stages. 

3. Hum effects produced by alternating-current voltages present in the source of 
plate power are greatly reduced because the hum currents flowing in the two halves of 
the primary balance each other out. 
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4. There is less distortion for the same power output per tube, or more power 
output per tube for the same distortion, as a result of cancellation of all even harmonics 
and even-order combination frequencies. 

These advantages are so important that a push-pull arrangement 
using two small tubes is preferable to a single larger tube capable of 
developing the same total power output. 

The reason for the elimination of the even harmonies in the push-pull 
amplifier can be understood by reference to Fig. 91. Assuming that the 

a - Push-pull Circuit 

Push -pulI inpuf" Tube Na I Pus h-put I owlpu /• 



b- Output Wave Form of Individual Tubes 



Flo. 91.—Circuit diagram of push-pull amplifier, together with equivalent circuit and 
wave shapes produced, showing how the push-pull connection makes the positive and 
negative halves of the output wave have the same shape even though this is not true of the 
outputs of the individual tubes. The result is that the output wave contains no even 
Jbarmonics and hence suffers less distortion than do the outputs of the individual tubes. 

amplifier is sufficiently overloaded so that some distortion occurs, the 
individual tubes develop output waves as shown in Fig. 916. The sum 
of these waves, which represents the amplified output, is shown in Fig. 91c. 
It is seen that when the two tubes have identical characteristics, the 
positive and negative half cycles of the sum differ only in sign but not in 
shape. The output hence contains only odd harmonics. This similarity 
in the shapes of the positive and negative half cycles in the combined 
outputs results from the fact that at points one-half cycle apart the tubes 
have merely interchanged functions, t.e., at the later time tube 2 is operat- 
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ing under exactly the same conditions as was tube 1 a half cycle earlier, 
and vice versa. A more complete analysis based upon the power-series 
method shows that not only are the even-order harmonics eliminated 
but also all even-or<ier combination frequencies, particularly the sum 
and difference frequencies. 

Class AB Push-pull Amplifiers .—The elimination of the even har¬ 
monics by the push-pull arrangement makes it possible to extend the 
operating range into the shaded region of Fig. 82d, which represents high 
distortion with single-tube operation. This can be carried to the point 
where the plate current is actually cut off for a small portion of each 
cycle without causing excessive distortion. This increases the power 
output obtainable, particularly when the grid is driven positive, and 
results in plate efficiencies that range from 40 to 50 per cent. A push-pull 
amplifier operating in this way is termed a Class AB amplifier. 



Fig. 92.—Push-pull amplifier excited with the aid of a phase-reversing tube. 


The Class AB amplifier is characterized by a large ‘‘rectified plate 
current when the full signal voltage is applied. This is an advantage, 
since it permits the direct-current power input to the plate to be increased 
in the presence of an applied voltage to a value exceeding the allowable 
direct-current plate power input with no signal. The large increase in 
plate current caused by the signal in a Class AB amplifier makes it impos¬ 
sible to realize the full possibilities of the tube when self-bias is used, 
however, since, if the bias keeps the plate current within an allowable 
value for no applied signal, the bias will be excessive when the ‘^rectified*^ 
current flows. 

The output transformer for a push-pull arrangement is an ordinary 
output transformer provided with a center-tapped primary and with the 
core assembled to give the smallest possible air gap. Examination of the 
equivalent circuit of Fig. 91d shows that the proper turn ratio is such that 
the plate-to-plate impedance presented by the transformer primary 
corresponds to a value that is twice the proper load impedance for a 
single-tube power amplifier. This is because, as far as the output is 
concerned, the two tubes of the push-pull arrangement are in series. 
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The excitation for a push-pull amplifier is ordinarily obtained from a 
transformer having a center-tapped secondary. Resistance coupling 
to a push-pull amplifier, however, can be employed by making use of an 


auxiliary phase-reversing tube as 


(a) Circuit 


Input 




\ Load 


(b> Voltage Acting on Grid 
Tube No. I 



(c) Voltage Acting at Plate 
Tube No I 



Tube No 2 


shown in Fig. 92. This tube is 
arranged to excite the second tube 
of the push-pull combination with 
a voltage that is equal in magni¬ 
tude and opposite in phase to 
the exciting voltage of the first 
tube. 

66. Class B Audio-frequency 
Power Amplifiers.—The Class B 
audio-frequency amplifier is a push- 
pull amplifier in which the tubes are 
biased approximately to cut-off. 
Operated in this manner, one of 
the tubes amplifies the positive half 
cycles of the signal voltage while 
the other amplifies the negative half 
cycles, with the output transformer 
combining these in the load. Such 
an amplifier is characterized by a 
high plate efficiency. Also, when 
the grid is driven positive, as is 
normally the case, the output is also 
unusually high in proportion to the 
size of the tube. 

Analysis of Class B Amplification. 
The fundamental factors involved 
in the operation of a Class B ampli¬ 
fier can be understood with the aid of 
oscillograms such as shown in Fig. 
93. The potential applied to the 
grid of the tubes consists of a bias 
voltage approximating cut-off, upon 
which the alternating exciting volt¬ 
age is superimposed, as shown at 
Fig. 936. This causes pulses of plate current that are roughly half sine 
waves, as shown at Fig. 93d. When combined by the output transformer, 
these pulses produce a substantially sinusoidal current in the load resist¬ 
ance. The voltage actually at the plate of the tubes consists of the 
direct-current plate-supply potential minus the voltage drop across half 
the transformer primary. Since the voltage across the load is substan- 



(d) Plate Current in Individual Tubes 

ruSeAib/ __ 

/~\ x~\ 


rubeNo2 


‘r\ r\ r\ 


(et Output in Tronsformer Secondary 



Fig. 93.—Circuit diagram of Class B 
amplifier together with oscillograms show¬ 
ing how the half sine-wave pulses of plate 
current in the individual tubes combine to 
produce the output. 
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tially sinusoidal, this drop is likewise sinusoidal, and the instantaneous 
plate potential varies as shown in Fig. 93c. 

The peak amplitude of the plate-current pulse is the current that 
flows when the grid potential is at its positive peak value and the plate 
potential is at its minimum value In the usual case, when the grid 

is driven positive, the amplitude of the plate-current pulse is determined 
primarily by the amount the grid is driven positive. The minimum 
plate potential is controlled mainly by the load resistance. This is 
because a high load resistance develops more voltage with a given pulse 
than does a low load resistance and so makes smaller. In actual 
operation the load resistance should be such that E^in is small compared 
with the plate-supply voltage, to insure good plate efficiency, but is at 
the same time greater than the maximum positive potential reached by 
the grid in order to prevent the grid current from being excessive. 

The quantitative relations existing in a Class B audio amplifier can 
be determined with an accuracy sufficient for ordinary purposes by assum¬ 
ing that the pulses of plate current are half sine waves. This is equivalent 
to assuming that the characteristic curves of the tube are substantially 
straight lines, and that the bias is adjusted to cut-off. Analysis based 
upon this simplifying assumption shows that^ 

Proper load resistance'^ Eb — Emu 

from plate to plate j — Rl — 4 j~ 

Power output from) _ Lu^x{Eb — Emin) 
two tubes j 2 

^ These equations are derived as follows: Since the plate-current pulse of each 
individual tube flows through only one-half the transformer primary, the combined 
output of the two tubes is equivalent to an a-c current having a crest value /ni*x/2 
flowing through the entire transformer primary. If Rl is the equivalent load resist¬ 
ance between primary terminals of the output transformer, the alternating drop 
produced between plate and cathode of a single tube is one-half the voltage drop of 
the current /„.a*/2 in the resistance Rl or Rtlnua/^- The minimum instantaneous 
plate potential is hence 

ET _ TP Rblm^ 
xSmin — Jctb — *-^- 

Solving this for Ri results in Eq. (90). The power output is one-half the square of 
the load current times the load resistance, or 

Power output = 

Equation (91) results when Rl is eliminated by the use of Eq. (90). The d-c plate 
current drawn by the individual tube assuming a sine-wave half cycle of current is 
/nuixA, so that the total d-c plate current of the two tubes is 2/in»x/7r and the power 
input is 2ItamxEb/ir. Dividing the output by this input gives the plate efficiency as in 
Eq. (92). 


(90) 

(91) 
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Plate efficiency == ~ 

Here /max is the peak plate current of the individual tube, is the 
minimum instantaneous plate potential reached during the cycle, and 
Eh is the plate-supply voltage. It will be noted that the maximum possi¬ 
ble efficiency is 7r/4, or 78.5 per cent, and that the closeness with which 
the actual efficiency approaches this theoretical maximum is determined 
by the ratio E^/Eh. 

Miscellaneous Considerations .—The non-linear distortion in the output 
of a Class B amplifier operating with the proper load resistance depends 
upon the curvature of the tube characteristics and upon the operating 
point. With actual tubes experiment shows that the distortion is small 
when the bias corresponds roughly to the bias that would be obtained if 
the main part of the grid-voltage-plate-current curve^ were projected to 
zero current as a straight line. This bias, which is commonly called 
projected cut-offy is somewhat less than actual cut-off. Such an operating 
point lowers the efficiency slightly because it results in a small d-c plate 
current in the absence of a signal but gives substantially distortionless 
amplification if the two tubes have identical chara(*teristics. 

The frequency response of a Class B audio amplifier is determined 
by the characteristics of the output transformer in much the same way 
as for a Class A power amplifier. There is a falling off at low frecjuencies 
as a result of low primary impedance at low frequencies, and a falling off 
at high frequencies, as a result of leakage inductance. It is hence desir¬ 
able that the primary inductance be high and the leakage inductance 
small. The fact that the plate current in each half of the primary wind¬ 
ing is not continuous also makes it very important that the leakage 
inductance from one-half the {primary to the other half be as low as 
possible. 

The same tubes employed for Class A and Class C power amplification 
can also be used for Class B amplifiers. Where only a relatively few 
watts are required and the plate-supply potential is limited to 300 or 400 
volts, as in public-address systems and small radio transmitters, special 
tubes are often used for Class B amplifiers. These are designed with an 
amplification factor so high that projected cut-off corresponds approxi¬ 
mately to zero grid bias, thereby greatly simplifying the bias problem. 

The plate current of a Class B amplifier varies with the signal ampli¬ 
tude, so that for best results the plate-supply system should have good 
voltage regulation. This is particularly true when the operating point 
is not zero grid bias, since then variations in the supply voltage seriously 
alter the effective operating point. 

The driving stage for a Class B amplifier must be designed to have a 
low internal impedance in order to minimize the distortion resulting 
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from the grid current, as discussed in Sec. 52. The usual driving arrange¬ 
ment consists of a triode power amplifier having an output transformer 
with a low turn ratio, commonly a step-down. 

Compared with Class A power amplifiers, the Class B arrangement 
has the advantage of higher plate efficiency and negligible power loss 
when no signal voltage is applied. It possesses the disadvantage, how¬ 
ever, that the third-harmonic distortion is in general higher than that of a 
Class A amplifier. Furthermore, in order to insure low distortion, it is 
absolutely necessary that the desired operating conditions be very closely 
realized. In particular, the two tubes must be very closely balanced, 
since a difference of 10 per cent in the plate currents will produce 5 per 
cent second-harmonic distortion. It is also nec.essary that the load resist¬ 
ance have the proper value for all frequencies and that the exciting voltage 
applied to the grids have the proper amplitude. As a consequence, Clasg 
B audio amplifiers are extensively used in radio transmitters, where the 
equipment is operated under the continuous supervision of trained per¬ 
sonnel, but they are not favored for radio receivers, small public-address 
systems, etc. 

67. Class C Tuned Amplifiers. —The Class C tuned amplifier differs 
from an ordinary tuned amplifier in that the bias is made greater than 
the cut-off value corresponding to the plate-supply voltage. When a 
signal is applied to such an amplifier the plate current accordingly flows 
in pulses that last for less than half a cycle. The Class C amplifier is 
characterized by high plate efficiency and is used to develop radio-fre¬ 
quency powder when it is not necessary for the output voltage to be propor¬ 
tional to the exciting voltage. The circuit of a typical Class C amplifier 
is shown in Fig. 94a. 

Voltage, Current, ami Power Relations .—The fundamental relations 
existing in a Class C amplifier can be understood from a study of oscillo¬ 
grams showing the voltage, current, and power relations of the tube. 
Considering first the voltage relations, it is seen from Fig. 94 that the 
voltage applied to the grid consists of the negative bias voltage Ec plus 
the alternating signal voltage £'«. Under normal conditions the signal 
voltage is sufficient to make the instantaneous grid potential positive 
at the positive crest of each cycle, so that the oscillogram of grid voltage 
is as shown in Fig. 94c. 

The voltage applied to the plate of the tube consists of the plate- 
supply voltage Eb minus the voltage drop El developed across the tuned 
circuit. This drop is sinusoidal and is maximum when the grid potential 
is most positive. The result is that the instantaneous voltage acting 
on the plate electrode of the tube has the" character shown in Fig. 946. 

The grid and plate currents that flow at any instant are the result 
of the combined action of the voltages acting on the grid and plate eleo- 
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trodes at that instant. The grid and plate current waves can accordingly 
be determined with the aid of characteristic curves of the tube. Oscillo¬ 
grams of current waves in a typical case are shown in Figs. 94d and 94e. 
The plate current flows in pulses that have a duration somewhat less 
than a half cycle, and the grid current flows in pulses of even shorter 
duration. 

The power relations existing in the plate circuit of a Class C amplifier 
are shown in Fig. 94/. The power input at any instant is the product of 

(a)Circuit(not Including the Neutralizing 
Arrangement) 




plate-supply voltage and instantaneous plate current and so varies in 
the same manner as the plate-current pulse. The power lost at the 
plate at any instant is the product of the instantaneous plate voltage and 
plate current and so varies as indicated by the shaded area. The output 
power delivered to the tuned circuit is the difference between the input 
power and the loss at the plate. 

The power that the signal or exciting voltage applied to the grid of a 
Class C amplifier must supply at any instant is equal to the product of 
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instantaneous grid current and instantaneous exciting voltage and so 
varies according to the oscillogram of Fig. 94g. Since the grid current 
flows in a short pulse near the crest of the cycle of exciting voltage, the 
average driving power is very nearly equal to the product of crest exciting 
voltage and the d-c grid current. Part of this driving power is dissipated 
at the grid electrode of the tube, and the remainder is used up in charging 
the bias battery (or is dissipated in the grid-leak resistance when grid-leak 
bias is used), as shown in Fig. 94^. 

The currents observed on direct-current instruments inserted in series 
with the grid and plate electrodes represent the average values of the 
pulses of grid and plate current, respectively. The average dissipation 
of energy at the plate of the tube is also the average of the oscillogram of 
plate loss. 

The high efSciency of a Class C amplifier results from the fact that 
the plate current is allowed to flow only when the instantaneous potential 
on the plate is low compared with the plate-supply voltage. In this way, 
energy is supplied to the plate circuit of the amplifier only when most of 
the plate-supply voltage is used up as voltage drop across the tuned circuit 
and hence when most of the energy is delivered to the tuned circuit instead 
of being wasted at the plate. The efficiency is highest when the minimum 
plate potential is low and when the fraction of the cycle during 
which plate current is allowed to flow is likewise small. Low minimum 
plate potential makes for high efficiency because it represents a low volt¬ 
age drop in the tube. A short plate-current pulse improves the efficiency 
by restricting the flow of current to the period when the voltage drop 
across the tube is at or near the smallest value. 

Fundamental Factors Involved in Class C Amplifiers .—In the practical 
adjustment of Class C amplifiers the desired characteristics are high 
output for a given plate loss, and low driving power. The proper pro¬ 
cedure for obtaining the best possible results from a given tube can be 
understood by considering the fundamental factors that determine 
the plate current, efficiency, grid-driving power, etc. To begin with, 
the amplitude of the plate-current pulse is determined primarily by the 
maximum grid potential This is because the grid when positive 

is far more effective in drawing electrons from the space change than is 
the plate. 

The minimum plate potential is determined by the amplitude 
and duration of the pulses of plate current and by the impedance of the 
plate tuned circuit. This is because the minimum plate voltage is 
the difference between the plate-supply voltage and the voltage drop 
produced by the pulses of plate current flowing through the tuned load 
circuit. Hence, a high load impedance, or large current pulses, develop a 
large voltage drop across the tuned circuit and make small. 
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The fraction of the cycle during which the plate current flows is deter¬ 
mined primarily by the grid bias, with a large bias corresponding to a 
short plate-current pulse. If the pulse is short the efficiency is improved 
but at the expense of increased driving power and reduced output. On 
the other hand, a long pulse gives large output with small driving power, 
but at a low efiiciency. The usual compromise is a plate-current pulse 
lasting 120 to 140 electrical degrees, which corresponds to a bias of the 
order of 3 to l^^^ times cut-off. 

The plate efficiency is determined primarily by the ratio E^i^^/Eb of 
minimum plate potential to plate-supply voltage. For high efficiency 
the minimum plate potential E^^ should accordingly be as small as 
possible. At the same time, the instantaneous plate potential should 
not be less than the maximum grid potential E^^y or the grid current, 
and hence driving power, will be excessive. 

The grid driving power is determined by the exciting voltage and 
grid current. The exciting voltage required to drive the grid a given 
amount positive is roughly proportional to the bias. At the same time, 
the bias is determined by the length of the plate-current pulse, being 
greater as the length of pulse is shortened. The driving power hence 
increases as the length of the plate-current pulse is reduced and becomes 
excessive for pulses much shorter than 120 electrical degrees. The grid 
current is determined by the maximum grid potential E^^^^ and the 
minimum plate voltage The current increases as the grid is driven 

more positive (f.c., as Ej^^ is increased) and as the minimum plate 
voltage E^ia is reduced. If the grid becomes more positive than the 
plate, i.e.y if E^ is greater than E^y the grid current will be excessive, 
since secondary electrons produced at the plate will then be attracted to 
the grid. Also, if jE'min is ma4e so low that a virtual cathode forms in 
the tube, the grid will capture electrons returning from the virtual cathode 
and so will draw an excessive current. 

Circuit Arrangements .—The exact circuit details of a Class C amplifier 
may be arranged in a variety of ways. Thus the plate tuned circuit 
can be either series feed or shunt feed, as shown in Figs. 95a and 
956, respectively. Push-pull combinations such as Fig. 95c are also 
common, and because of their symmetrical character are superior 
to two tubes connected in parallel. With single tubes, neutraliza¬ 
tion can be accomplished by one of the systems shown in Fig. 74, while 
in push-pull amplifiers the cross-neutralization system of Fig. 96c is 
used. 

The grid bias can be obtained from a fixed source such as a battery 
or generator, from a grid-leak-grid-condenser combination, or from a 
self-bias resistor, as shown at c, a, and 6 respectively, in Fig. 95. In the 
grid-leak method advantage is taken of the fact that the d-c grid current 
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produces a negative bias when passed through a resistance in series with 
the grid circuit. The magnitude of the bias obtained is equal to the 
product of d-c grid current and grid-leak resistance, and for a given 
value of it is controlled by the grid-leak resistance. The grid leak 
must be by-passed to radio-frequency voltages by a condenser appreciably 
larger than the input capacitance of the tube and also large enough to 
act as an effective by-pass for the resistance used. The grid-leak arrange¬ 
ment has the advantage of simplicity and the fact that it tends to be 
self-adjusting with respect to maximum grid potential E^^^. Thus small 
changes in signal voltage, which would produce large changes in E^^ 
with a fixed bias, do not do so with the 
grid leak. This is because any tendency (§1 

to change Er^^ produces a large effect ^ ^ 

on the grid current, which tends 
change the grid current and hence the 
grid bias in such a way as to maintain 
-^max nearly constant. 

Self-bias arrangements employ a 
resistor between cathode and ground as 
shown in Fig. 956. This makes the 
cathode positive with respect to the grid 
in the same manner as discussed in 
connection with Fig. 55. 

Self-bias and fixed-bias arrangements 
have the advantage over grid-leak sys¬ 
tems in that the bias is not lost when 
the exciting voltage is removed. Self¬ 
bias has the disadvantage, however, that 
the plate-supply potential must be 
greater than the required direct-current 
plate voltage by an amount equal to the Fia. 
bias. 

Design of the Tank Circuit .—^The tuned circuit connected between 
the cathode and plate of the Class C amplifier, commonly called the 
tank circuity must supply the proper impedance and must not consume 
an undue proportion of the power output of the amplifier. The efficiency 
of the tank circuit is the fraction of the total power delivered to this 
circuit by the tube that is transferred to the load. This efficiency depends 
upon the actual loss resistance of the tuned circuit compared with the 
resistance that is coupled into the tuned circuit by the load. Thus, 
if the tank circuit in the absence of load has Q = 100, but has 
Q == 10 in the presence of the load, the efficiency of the tank circuit is 
(100 - 10)/100 = 0.90. 



95.—Typical circuit arrange¬ 
ments for Class C amplifiers. 
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The proper effective Q of the tank circuit depends upon circumstances, 
but is commonly of the order of 10 to 30. If lower than 10, harmonic 
components of the plate-current pulses produce appreciable harmonic 
voltage drop across the tank circuit. On the other hand, if the Q of the 
tank circuit is high the discrimination against the harmonics contained 
in the plate-current pulses is improved, but there is a sacrifice in tank- 
circuit eflSciency. Also, if the effective Q is less than about 10 the tank 
circuit will be difficult to tune properly, since the adjustment for maxi¬ 
mum impedance will not be the adjustment giving a resistance impedance. 

With the effective tank-circuit Q determined by the above considera¬ 
tions, the value 6>L can be calculated from the voltage across the tank 
circuit and the power delivered to the circuit, using the relation 

where 

P = power in watts delivered to tank circuit 
(jdL = reactance of inductive branch of tank circuit 
Oeff = effective Q of tank circuit, taking into account the effect of 
the coupled load resistance 

E = crest alternating voltage across the tank-circuit inductance. 

The voltage E across the tank circuit is such that the crest alternating 
potential developed between plate and cathode is about 80 to 90 per cent 
of the plate-supply voltage, while in the push-pull circuit of Fig. 96c the 
value of E will be about 1.6 to 1.8 times the plate-supply potential. 

When the required o)L has been ascertained, the inductance and 
capacitance of the tank circuit can be calculated for any given frequency. 

After the tank circuit has-been given the proper inductance and 
capacitance, the desired effective Q is obtained by adjusting the coupling 
of the load. If this coupling is close, the resistance coupled into the 
tank circuit will be large and the effective Q will be low, and vice versa. 

In shunt-feed circuits, as Fig. 956, the radio-frequency choke is effec¬ 
tively in shunt with the tank circuit. The choke insulation must accord¬ 
ingly be able to stand the full voltage of the tank circuit, and the choke 
inductance should be large compared with the inductance of the tank 
circuit. 

Practical Adjustment of Class C Amplifiers .—In adjusting a Class C 
amplifier one usually has available the manufacturer's data giving typical 
operating conditions for the tube used. Such information is included in 
Table X and commonly includes d-c plate and grid currents, power out¬ 
put, exciting voltage, grid bias, and driving power. The practical prob¬ 
lem is to realize these conditions as nearly as possible using the d-c grid 
and plate currents (and possibly the output power) as guides. 
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The first step is to lay out the tank circuit, using Eq. (93) as explained 
above. Next, provision is made for obtaining the proper grid bias by 
use of a voltmeter in the case of fixed bias or by selecting a grid-leak or 
self-bias resistance that will develop the required bias with the expected 
grid or space current, as the case may be. The tank circuit is . then 
brought to resonance at the desired frequency by applying exciting 
voltage at reduced plate potential and adjusting the tuning condenser 
until the d-c plate current is minimum.^ Finally the full plate-supply 
potential is applied, and the exciting voltage and coupling between the 
load and tank circuit are adjusted until a combination is found that makes 
the d-c plate current, d-c grid current, and power output approximate 
as nearly as possible the expected values. In these final operations, it is 
desirable to retune the tank-circuit condenser for minimum plate current 
after each change in load coupling. 

When carrying out the final adjustments it is helpful to keep in mind 
the fundamental factors involved, as discussed on page 173. In par¬ 
ticular, it is to be noted that with given excitation conditions a reduction 
in the coupling between load and tank circuit increases the tank-circuit 
impedance and hence lowers For any given excitation condition, 

this load coupling should be as small as possible without causing the grid 
current to be excessive or the plate current to fall off seriously. If the 
load coupling arrived at in this way does not give the desired d-c plate 
current, then the amount the grid is driven positive should be changed 
by varying the excitation or altering the grid bias, or both. After 
this change in excitation conditions, the load coupling is readjusted as 
required. 

It is sometimes found that the operating conditions recommended 
by the tube maker cannot be realized in all respects. This is particularly 
true of the grid current because of the erratic character of secondary 
emission at the control grid. When this is the case, the grid-leak resist¬ 
ance should be altered so that the desired grid bias is obtained with 
the actual grid current. Other variations in tube characteristics 
can ordinarily be taken care of by slight changes in the exciting 
voltage. 

Class C Amplifiers Employing Screen-grid and Pentode Tubes, —Screen- 
grid and pentode tubes can be operated as Class C amplifiers by making 
the grid bias greater than the cut-off value corresponding to the screen- 
grid potential. The performance obtained is then similar to that of 
triode Class C amplifiers, but with the advantage that no neutralization 

^ Minimum plate current in a Class C amplifier employing triode tubes indicates 
maximum voltage drop in the load, and hence maximum load impedance. When the 
effective Q of the tank circuit exceeds 10, the adjustment for maximum impedance 
corresponds to resonance. 
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is required. The tubes are expensive in the larger air-cooled sizes, how¬ 
ever, and are not available in water-cooled sizes. 

In adjusting screen-grid and pentode Class C amplifiers it is sometimes 
found that the plate potential has so little effect on the plate current 
that it is impossible to tune the tank circuit by adjusting for minimum 
plate current. Under such circumstances the tuning adjustment can 
be made for maximum current in the load. 

68. Characteristics of Tubes Suitable for Use in Class C Amplifiers.— 
When the amount of power to be generated by a Class C amplifier does 
not exceed a few watts, it is possible to employ the ordinary small vacuum 
tubes commonly used in radio receivers. Larger tubes are, however, 
required for greater powers. 

The amount of power that a tube can handle is determined by the 
plate voltage that may be applied to the tube with safety, by the electron 
emission of the cathode, and by the amount of power that can be dis¬ 
sipated within the tube without overheating. The large plate currents 
required in power tubes necessitate the use of correspondingly large 
cathodes. In order to withstand high anode voltages it is necessary to 
provide ample insulation between the plate and other electrodes, as illus¬ 
trated in Figs. 96 and 97. In glass-envelope tubes the plate, grid, and 
cathode electrodes are commonly brought out through separate parts of 
the glass envelope (see Fig. 96) in order to provide the maximum possible 
insulation. The size of the plate electrodes and of the glass envelopes of 
air-cooled tubes is proportional to the power capacity. This is necessary 
in order that the heat generated within the tube may be dissipated safely. 
Even then the plates of air-cooled power tubes normally operate at a dull 
red heat. 

Water-cooled Tubes, —The, practical difficulty of radiating large 
amounts of energy from plates and through glass envelopes of reasonable 
size without excessive temperature rise, has made it impracticable to 
construct glass-envelope tubes having an allowable plate loss exceeding 
about 1500 watts. With ordinary efficiencies this means that the largest 
practical glass-envelope tubes have a power output rating of the order 
of a few kilowatts. 

When more power is required, tubes having water-cooled anodes are 
employed. The construction of such a tube is illustrated in Fig. 97. 
Here the anode consists of a copper tube that is dropped into a jacket 
through which water is circulated. The copper plate serves as part of 
the envelope of the tube as well as acting as an anode. Because of the 
water cooling and the high thermal conductivity of copper, many kilo¬ 
watts of energy can be dissipated by such an anode without an appreciable 
rise in temperature. 
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Type 849 Triode Tube. (Allowable Type HK-354 Triode Tube. (Allowable plate dissipa- Type 861 Screen-grid Tube. (Allowable 
plate dissipation = 400 watts) tion = 150 watts.) plate dissipation = 400 watts. 

Fig. 96.—Typical glass-enveiope power tubes. 
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Emitters. —Thoriated-tungsten filaments are normally used in all 
air-cooled power tubes except the very smallest. This is because thori- 
ated tungsten is an eflSicient emitter and stands up much better at high 
anode voltages than oxide-coated filaments. The latter are used only 
in very small tubes, particularly those operating at plate potentials of 
500 volts or less. In water-cooled tubes the operating conditions with 
respect to positive-ion bombardment are so severe that only tungsten 
filaments can be used. 
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Fig. 97.—A water-cooled tube having a power rating of 20,000 watts output when 
acting as a Class C amplifier. The anode is made in the form of a copper cylinder which is 
cooled by immersion in a water jacket. 


Construction of Power Tubes .—^The plates of air-cooled power tubes 
are commonly of molybdenum, carbon, or tantalum. The last is the 
best material but is more expensive than the others. With water-cooled 
tubes the anodes are always made of copper. 

Grid electrodes of air-cooled tubes are usually made of molybdenum, 
although tungsten and tantalum are sometimes employed. The grids 
of water-cooled tubes are invariably of tungsten because this is more 
refractory than any of the other available materials. 
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The evacuation of large tubes presents a very difficult problem. It 
is necessary not only to remove the air within the envelope but, what is 
much more difficult, to remove the gas that is occluded in the metal and 
glass parts. Otherwise there will be a slow release of gas, and what was 
originally a good vacuum will ultimately become a very poor one. For 
satisfactory results it is necessary to follow a systematic procedure of 
heating the glass and metal parts. The difficulty of obtaining a satis¬ 
factory vacuum can be understood when it is realized that water-cooled 
tubes require continuous pumping for approximately 24 hr. to remove the 
occluded gas. 

Rating of Power Tubes .—^Large power tubes are commonly rated on 
the basis of the allowable dissipation at the plate electrode under typical 
operating conditions. In addition, the manufacturers always give 
maximum allowable plate-supply voltage and maximum allowable d-c 
plate current. Values of d-c plate current, power output, d-c grid cur¬ 
rent, grid bias, driving power, peak exciting voltage, and efficiency are 
also usually specified for typical operating conditions. Characteristics 
pf representative power tubes are given in Table X, page 158. 

^'^69. Linear Amplifiers. —The linear amplifier is a radio-frequency 
power amplifier adjusted so that the voltage developed across the load Ls 
proportional to the exciting voltage applied to the grid of the tube. 
Linear amplifiers are used to amplify modulated waves, since such 
amplifiers will not distort the modulation envelope. 

Linear amplification of modulated waves is normally obtained by 
operating the tube with a fixed bias that approximates cut-off. The 
plate current then flows in pulses that are substantially half sine waves 
having an amplitude proportional to the exciting voltage. 

Adjustment of Linear Amplifiers .—The linear amplifier is designed in 
much the same way as a Class C amplifier. The only special features 
involved are the fact that the grid bias is less than for Class C operation, 
and that attention must be paid to insuring a linear relation between 
exciting voltage and output voltage. 

The linearity is determined by the operating grid bias, by the condi¬ 
tions existing at the crest of the modulation cycle, and by the regulation 
of the exciting voltage. Experiment shows that the best results are 
obtained when the grid bias is slightly less than cut-off. The optimum 
bias corresponds to projected cut-off” as discussed in Sec. 56 in connec¬ 
tion with Class B audio amplifiers. 

The effect on the linearity of the conditions at the crest of the modula¬ 
tion cycle can be understood by considering the way the output voltage 
varies with exciting voltage. Typical relationships of this sort are shown 
in Fig. 98 for two load impedances. It is seen that as the exciting voltage 
is increased the output increases first almost linearly with excitation but 
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ultimately flattens off. This flattening occurs when the alternating 
voltage developed between cathode and plate has a crest value only 
slightly less than the plate-supply potential, and is commonly termed 
saturation. The exciting voltage required to produce saturation is less 
the greater the tank-circuit impedance, since with more impedance it 
takes smaller plate-current pulses and hence less excitation to develop a 
given voltage across the impedance. Examination of Fig. 98 shows that 
the linearity between input and output voltages below saturation tends 
to be greater the higher the load impedance. At the same time, a high 
load impedance means less power, because the energy delivered to the 
tank circuit with a given voltage across the circuit is inversely propor¬ 
tional to the impedance. 

These considerations indicate that 
the optimum operating conditions for a 
linear amplifier exist when the tank- 
circuit impedance is somewhat greater 
than would be used if power output 
were the only consideration, and when 
the exciting voltage is such that at the 



Exciting Voltage 

Fig. 98. —Relation of output volt¬ 
age to exciting voltage in typical linear 
amplifier for two values of tank-circuit 
impedance. It' will be noted that 
when the excitation is sufficient to 
make the alternating plate-cathode 


crest of the modulation cycle saturation 
conditions are not quite reached. In 
this way good linearity is obtained with 
a reasonable output. 

Linearity is also influenc^ed by the 


voitap have a crest value only slightly f^^t that the equivalent grid-circuit 

less than the direct-current plate volt- . • • i i • • 

age, saturation occurs, and further resistance varies With the excitlUg volt- 


increaro in excitation produces very This places a variable load upon 

httle change in output. , . ^ 

, the exciter and tends to introduce distor¬ 


tion by reducing the exciting voltage at the peaks of modulation. 
Trouble of this sort can be minimized by not driving the grid of the 
linear amplifier any farther positive than necessary to develop a 
conservative output, and by employing an exciter of ample power 
capacity so that its voltage regulation will be good. 

The linearity in any particular case can be obtained by observing the 
output voltage as a function of exciting voltage, using point-by-point 
measurements, a cathode-ray tube, or a modulation meter reading the 
minimum and maximum amplitudes of the modulated-wave envelope. 

Since the pulses of plaCe current of the usual linear amplifier approxi¬ 
mate half sine waves having an amplitude proportional to the exciting 
voltage, the d-c plate current of a linear amplifier will have a value that is 
approximately proportional to the average amplitude of the exciting 
voltage. The d-c plate current accordingly tends to be independent of 
the degree of modulation when the amplification is linear but otherwise 
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will depend upon the degree of modulation. This fact is commonly used 
as a rough indication as to whether or not bad distortion is present in a 
linear amplifier. 

Efficiency of Linear Amplifiers ,—^The plate efficiency of a linear ampli¬ 
fier, assuming cut-off bias and straight-line tube characteristics, is the 
same as in the Class B audio amplifier under the same assumptions. The 
efficiency accordingly cannot exceed 78.5 per cent, and in any particular 
case is given by Eq. (92). Practical efficiencies at the crest of the modula- 

(a) Fundamental Circuit 



(b) Curves Showing Performance of 
Actual High Efficiency Amplifier 



Ficj. 99.—Schematic diagram of high-efficiency linear amplifier. 


tion cycle are around 50 to 60 per cent. Since the efficiency is propor¬ 
tional to the exciting voltage, the efficiency for the unmodulated carrier 
is only half as great, or 25 to 30 per cent. The carrier power that can 
be developed by a linear amplifier will normally not exceed one-fourth 
the power that the same tube will develop when operating as a Class C 
amplifier. 

High-efficiency Linear Amplifiers ,—The poor efficiency of the linear 
amplifier can be avoided by the special form of linear amplifier shown 
schematically in Fig. 99a. Here the amplifier is divided into two parts 
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with the output of one tube being delivered to the load through a quarter- 
wave transmission line as shown. ^ The same exciting voltage is applied 
to both parts of the amplifier, but ^2 is biased so that no plate current 
flows in this tube until the exciting voltage exceeds the carrier amplitude. 
On the other hand, Ai is biased to projected cut-off and so operates as an 
ordinary linear amplifier. The impedance in the plate circuit of ampli¬ 
fier tube ill is adjusted so that, with the second tube inoperative, the out¬ 
put voltage just begins to flatten off with carrier excitation. The actual 
load that receives the output of the linear amplifier is coupled to the tank 
circuit of ^42. The output of Ai is transmitted to this load through a 
quarter-wave-length line. The outputs of the two tubes are arranged 
to add in phase by employing a compensating phase shift in the grid 
circuit of Ai, such as shown in Fig. 99a. The circuits are designed so 
that if the proper plate-circuit impedance for tube Ai with the other tube 
inoperative is called Zl, then the characteristic impedance of the line 
.in the plate circuit of Ai is made Zl/ 2, and the impedance that the tank 
circuit of tube A 2 connects across the receiving end of the line is made 
2l/4. 

The operation can be explained as follows: For exciting voltages 
corresponding to carrier amplitude and less, tube A 2 is inoperative. Ai 
then acts as a linear amplifier developing an output voltage in its plate 
circuit proportional to the exciting voltage. Under these conditions the 
voltage across the tank circuit of amplifier A 2 is half the voltage developed 
in the plate circuit of amplifier Ai. This is because of the action of the 
quarter-wave-length line. 

At exciting voltages greater than the carrier, amplifier A 2 begins to 
supply output. From the point of view of the line and Ai there is then 
more voltage developed across the tank circuit of A 2 in proportion to the 
power delivered by the line than was previously the case. Hence, as 
far as the line is concerned, the receiving-end load impedance of the line 
has been effectively increased. Now in a quarter-wave-length transmis¬ 
sion line the impedance at the sending end of the line is equal to ZoV-^ 2 , 
where Zo is the characteristic impedance of the line and Z 2 is the load 
impedance at the receiving end. Consequently, as amplifier A 2 delivers 
energy to the load, the impedance which the sending end of the line pre¬ 
sents to the plate of Ai is decreased. This enables Ai to deliver more 
output to the load in spite of the fact that the alternating voltage in its 

* In actual practice the quarter-wave-length line is replaced by a network that 
behaves as far as the sending and receiving terminals are concerned as a transmission 
line that is a quarter of a wave length long. This network may consist of series induc¬ 
tance and shunt condensers, as shown in the plate circuit of tube A 1 in Fig. 99a, or can 
be supplied by a series condenser and shunt inductances of the appropriate values, as 
in the grid circuit of tube Ai. The only difference between the two types of lines 
is that the phase shift is +90^ in one case and —90^ in the other. 
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plate circuit cannot increase appreciably. At the peak of the modulation 
cycle, AI and A 2 are delivering equal amounts of power to the load, and 
the alternating voltages across the two tank circuits are equal. 

The detailed voltage and current relations in a typical high-efficiency 
linear amplifier are shown in Fig. 996. It will be noted that, although 
the voltage developed in the plate circuit of A 1 flattens off at the carrier 
level, the d-c plate current (and hence the output power) keep on increas¬ 
ing up to the crest of the modulation cycle. If it were not for the tube 
A 2 and the impedance-inverting action of the quarter-wave line, the 
d-c plate current of Ai would flatten off at the carrier level as shown by 
the dotted line. It will be noted that, although the plate current of 
A 2 does not become appreciable until the excitation exceeds carrier level, 
the d-c current increases twice as fast with further excitation as does the 
plate current of Ai and so at the peak of the modulation cycle reaches 
approximately the same value. 

The efficiency of the arrangement of Fig. 99a varies slightly with 
changes in percentage of modulation, but under practical circumstances 
averages 50 to 60 per cent, which is nearly twice the average efficiency 
of an ordinary linear amplifier. This high average efficiency comes about 
because A\ operates most of the time with a relatively high alternating 
voltage in its plate circuit and hence with good efficiency. At the same 
time A 2 operates as a Class C amplifier which has good efficiency at the 
peak of the modulation cycle and ceases to deliver output under conditions 
for which the efficiency would be low. 

60. Harmonic Generators. —By taking advantage of the fact that the 
pulses of plate current have appreciable harmonic content, a Class C 
amplifier can be used to generate output power that is a harmonic of the 
signal voltage applied to the control grid. It is merely necessary to tune j 
the tank circuit to the desired harmonic and adjust the length of thej 
plate-current pulse to a value that is favorable for generating the harmonic i 
involved. It is to be noted that neutralization is unnecessary, since the 
grid and plate circuits are tuned to widely different frequencies. Har¬ 
monic generators of this character are frequently used in radio transmit¬ 
ters and for other communication purposes. 

Oscillograms showing voltage, current, and power relations in a typical 
harmonic generator are shown in Fig. 100. Examination shows that 
these are almost identical with the corresponding oscillograms of Fig. 94 
for a Class C amplifier. Hence most of the essential factors such as 
-Ema* and Era\n are the same in the harmonic-generator case as with the 
Glass C amplifier. The only difference is that since the harmonic con¬ 
tent of the plate-current pulse depends upon the length of the pulses, 
this length must be carefully chosen in relation to the harmonic to be 
generated. 
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Under practical conditions the optimum pulse lengths are in the range 
given in Table XI.' 


(a) Plate Voltage 



(d) Grid Current 
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Fig. 100.—Voltage, current, and power relations of typical Class C harmonic generator. 
Note similarity to the curves of Fig. 94. 


Table XL —Plate-current Pulse Length and Power Output of Harmonic 

Generators 


Harmonic 

Optimum length of pul.se 
in electrical degrees at the 
fundamental frequency 

Approximate power out¬ 
put, a.ssuming normal 
Class C output is 1.0 

2 

90-120 

0.65 

3 

80-120 

0.40 

4 

70- 90 

0.30 

5 

1 

60- 72 

0.25 


^ The grid bias required with a triode tube having an amplification factor /x and 
generating the nth harmonic is 


nriA k;«o Ml •“ (^^/2)1 + E^i^ cos ine/2) , E^^^ cos {d/2) 

/*[! ~ cos {e/'2)] r ~ cos (^/2) 

where Eb is the plate-supply voltage, 6 is the length of the plate-current pulse in 
electrical degrees at the fundamental frequency, and and Emmx are minimum 
plate voltage and maximum grid voltage, respectively, as shown in Fig. 100. 
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The shorter the length of the current pulse in the case of a particular 
harmonic, the higher the plate efficiency is, but more bias, and hence 
more exciting voltage and greater driving power, are required. The 
plate efficiencies obtained in harmonic generation for conditions given 
in Table XI are somewhat less than those realized with Class C operation, 
but since the output obtained is likewise less, the plate dissipation is 
ordinarily no greater. 

Harmonic generators are normally arranged to generate the second 
harmonic, although third- and fourth-harmonic generation is occasionally 
employed. Harmonics higher than the fourth are practically never used 
because, as the angle of flow becomes less than 90®, the grid bias, and 
hence the driving power, increase very rapidly and quickly become 
excessive. 

The power output obtainable from a properly adjusted harmonic 
generator is almost inversely proportional to the order of the harmonic. 
The approximate ratio of the obtainable harmonic output to the output of 
the same tube, when acting as a Class C amplifier, is given in the last 
column of Table XL 


Problems 

1. a. Describe a method of deriving a dynamic (characteristic such as shown in 
Fig. 82, given the load resistance, the operating point, and a set of Eg-Ip characteristic 
curves. 

h. Draw such a dynamic characteristic for an actual tube as assigned (or for the 
tube of Fig. 82, when the operating point is as shown and the load resistance is 6000 
ohms). 

2. A Class A power amplifier is to be operated without driving the grid positive. 
If the plate-supply voltage and grid bias at the operating point are kept constant, the 
proper load resistance will depend upon the amount of distortion that can be per¬ 
mitted. Explain how this comes about and in particular be certain to indicate 
whether the load resistance should be increased or decreased as the allowable dis¬ 
tortion becomes less. 

3. If the plate-supply voltage is increased, but the plate current at the operating 
point is kept constant, demonstrate that the proper load resistance for Class A 
amplifier operation with no grid current increases. 

4 . In a Class A amplifier, compare the power dissipated at the plate of the tube 
when a signal is applied to the grid, with the power dissipated when there is no signal. 

5. a. Calculate the power output and plate efficiency (assuming the rectified 
current is zero) for: (1) the three dynamic characteristics in Fig. 84, assuming that in 
each case the signal is just sufficient to bring the operation to zero instantaneous grid 
voltage; and (2) curve 6 in Fig. 83 for negative-grid operation and curve c of the same 
figure for positive-grid operation when operation extends just to the edge of the region 
of high distortion. 

6. Discuss the results with respect to factors affecting efficiency, power output, 
and exciting voltage required. 

6. Using a 2A3 tube as a Class A amplifier with the conditions recommended for 
Eh *= 250 volts (see Table IX), calculate the following when the maximum permissible 
signal (46 volts crest) is applied: (a) a-c plate current; (5) alternating-current voltage 
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developed across the load; (c) maximum and minimum instantaneous plate voltage 
and currents reached during the cycle (assuming zero distortion); (d) power dissipated 
in load; and (e) plate efficiency. 

7. Using a set of Ip~Ep characteristic curves of an actual power tube, determine 
the following for an operating condition recommended as suitable for Class A power 
amplification: (a) maximum power output; (b) second-harmonic distortion; and (c) 
actual plate efficiency, taking into account the ‘^rectified'* plate current. 

Note: The curves are preferably a full-page blueprinted reproduction of some 
actual tube. However, it is possible to use the curves of Fig. 35, using the operating 
point Eh — 250, Ee — —28 and Rl — 5000. 

8 . a. The tube of Fig. 83 is operated with a load resistance corresponding to 
dynamic characteristic c, and sufficient signal is applied to bring the operation just 
to the edge of the region of high distortion. Determine the maximum allowable 
source impedance of the driving voltage if the flattening of the positive peaks of the 
exciting voltage by the grid current is not to introduce more than 3 per cent second- 
harmonic distortion. 

6. If the driver tube has a plate resistance of 10,000 ohms, determine the ratio of 
secondary to primary turns that the output transformer of the driving stage should 
have in order that the driver will offer the proper source impedance. 

9. The grid of a single Class A power tube is excited from a tube having a plate 
resistance of 10,000 ohms, by a transformer in which the ratio of primary to secondary 
turns is 2. If the crest exciting voltage desired is 60 volts and the instantaneous grid 
current at the positive peak is 6 ma, calculate the second-, third-, and fourth-harmonic 
distortion produced in the exciting voltage by the grid current. 

10. Sketch the shape of output wave that can be expected from a Class A power 
amplifier when distortion arises from (a) extending operation well into the high- 
distortion region of low plate current, and (6) positive-grid operation with a high 
source impedance. 

11. A resistance-coupled voltage amplifier uses the pentode tube of Fig. 40. If 
the operating point is £'« = —1.5, E,g = 100, Eh - 100, draw a load line for a load 
resistance of 30,000 ohms and determine the second-harmonic distortion in the output 
voltage when the applied signal is 1.6 volts crest. 

12. Using a set of Ep~Ip characteristics of an actual pentode (or beam) tube, 
determine the following for a Class A Operating condition recommended by the manu¬ 
facturer: (o) maximum power output; (6) second- and third-harmonic distortion; and 
(c) actual plate efficiency, taking into account the rectified plate current. 

Note: Curves are preferably a full-page blueprinted reproduction for some 
actual tube, but in the absence of such curves it is possible to use characteristics given 
in a tube manual. 

13. a. Calculate the output power, the percentage of second and third harmonics, 
and the plate efficiency for the beam tube of Fig. 876 when the load resistance corre- 
e^nds to the load lines a, 6, and c, when the exciting potential is 15 volts crest. 

6. Sketch the shape of the output wave for each load line in a, using Fig. 876, and 
correlate the results with the corresponding dynamic characteristic curves of Fig. 87a. 

14. The transformer of Fig. 89 is used with a load resistance of 25 ohms and a 
tube having a plate resistance of 2500 ohms. Calculate and plot the frequency 
response that can be exi)ected. 

16. A particular output transformer is to be used to couple thejplate circuit of a 
tube having Rp = 2000 ohms, to a load of 600 ohms. The transformer must offer a 
load impedance of 4000 ohms to the tube and give a response that does not drop to 
less than 70.7 per cent of the mid-range value between ^ and 6000 cycles. Specify 
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the required turn ratio, the largest permissible leakage inductance, and the lowest 
permissible primary inductance. Neglect resistance of windings. 

16. Derive Eqs. (88) and (89). 

17. Discuss the factors that determine the efficiency of an output transformer 
(i.e.j the ratio of power delivered to the load to the power delivered by the tube to the 
primary of the transformer). 

18. An output transformer with the following constants is to be used with a push- 
pull amplifier employing Type 6F6 tubes operated as Class A triode amplifiers (not 


Class AB). 

Primary inductance. 18 henries 

Leakage inductance (referred to primary). 0.20 henry 

Step-down ratio.!. 30 

Resistance, primary. 400 ohms 

Resistance, secondary. 1.2 ohms 


Determine the proper load resistance that should be used and calculate and plot the 
frequency response that can be expected with this load resistance. 

19. An output transformer, designed for a push-pull Class A amplifier, will not 
give a correct impedance match to the load with a single output tube when one-half 
the center-tapped winding is used as a primary. Explain, and state where the tap 
should be placed. 

20. A Class AB amplifier operates as a Class A amplifier for small signal voltages. 
Explain. 

21. Check the operating conditions specified for Class B operation of the Type 800 
tube in Table X. Do this by determining the crest alternating-current voltage across 
the load (and hence the minimum instantaneous plate potential) on the basis of the 
power output and load resistance given in the table. Then with the aid of the 
characteristic curves of Fig, 49, and Eqs. (91) and (92), determine power output and 
plate efficiency for the exciting conditions in the table and the calculated J^min, and 
compare with the results given in the table. Also calculate the load resistance by 
Eq. (90) and compare with the value in the table. 

22. In a Class B amplifier, sketch the shape of the output wave that results when 
the load resistance is made excessively high and explain why this shape is obtained. 

23. Design an audio-frequency amplifier that will deliver an ** undistorted 
output of 15 watts when operated from a microphone that has an internal impedance 
of 600 ohms and develops a voltage of approximately 60 ^v on open circuit. The 
over-all frequency response should not vary more than 3 db over the frequency range 
of 80 to 8000 cycles. The load impedance to which the output is delivered is 10 ohms. 
The design includes selection of tubes, circuit layout, circuit constants, provision for 
volume control, specification of transformer constants, design of filter systems to 
prevent regeneration, etc., as well as calculation of expected frequency response. 
Make use of tube manuals, catalogs, etc,, as required, and where complete data are 
not available, make reasonable estimates, just as the designer of commercial equip¬ 
ment would be required to do. 

24. a. Make an approximate copy of the oscillograms of Fig. 94. Then show by 

dotted lines on the same curves the oscillograms that would result with the same tube 
if the length of the plate-current pulses were reduced by increasing the grid bias, while 
keeping Emin, and Eh constant. Point out the significant differences in the 

results of the two cases. 

6. Repeat (a) but use the dotted lines to show the effects of making Emin larger, 
while keeping length of current pulses, and the maximum grid potential Ema* the 
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same. Assume that the change in grid bias resulting from the different value of Em\\\ 
is negligibly small, as is the case in ordinary tubes in which the amplification factor 
is reasonably high. 

26. In a Class C amplifier with fixed bias equal to twice cut-off, sketch a curve 
showing qualitatively the way in which the crest amplitude of the alternating voltage 
between plate and cathode of the tube will vary as a function of the alternating voltage 
applied to the grid. Do this for two values of tank-circuit impedance. 

26. Derive a formula giving the length of the plate-current pulses of a Class C 
triode amplifier in electrical degrees, in terms of £?mm, Ecy Eby and the amplifica¬ 
tion factor of the tube. 

27. Design a tank circuit suitable for use with a Type 852 tube operating at 7500 kc 
in the circuit of Fig. 95a, when the operating conditions given in Table X are to be 
realized. This design includes selection of a suitable effective Q and calculation of the 
tank-circuit inductance and capacitance. 

28. At a certain point in the process of adjusting a particular Class C triode ampli¬ 
fier assume that it is found that the d-c plate current and output power are less than 
the desired value even though the grid bias is the proper value, apd the plate efficiency 
is satisfactory. What readjustments should be made to remedy this situation? 

29. In a Class C triode amplifier it is found that the output power and plate 
efficiency are satisfactory, but the driving power required is excessive. What adjust¬ 
ments can be made to remedy this situation? 

30. a. If the coupling to the load in a properly adjusted Class C triode amplifier 
is removed, the d-c plate current will decrease to a small fraction of its original value, 
while the d-c grid current will increase somewhat. Explain the reasons for this. 

6. If in (a) the removal of the load causes only a moderate decrease in d-c plate 
current (such as 50 per cent), what does this mean? 

31. A Class C triode amplifier is operating under satisfactory conditions, using 
grid-leak bias. If the value of the grid-leak resistance is increased very considerably 
but no other adjustments made, what will be the effect on the grid bias, d-c plate 
current, grid driving power, and alternating voltage across the load? In each case 
explain the reasons for the answers given. 

32. A Class C triode amplifier is operating under satisfactory conditions. The 
coupling between tank circuit and load is then increased (i.e., the tank-Kurcuit imped¬ 
ance is reduced). What will be the effect on the d-c grid and plate currents and the 
plate efficiency? 

38. Derive Eq. (93). 

34. The Type 852 tube of Table X is to be used as a linear amplifier. Estimate 
(1) the carrier power that can be expected, (2) the proper grid-bias voltage, (3) the 
exciting voltage at the crest of the modulation cycle, and (4) the approximate imped¬ 
ance the tank circuit should develop between plate and cathode. 

36. o. Explain why a Class C amplifier cannot be used to amplify a modulated 
wave in place of a linear amplifier. 

b. Elxplain why linear amplifiers are used for the amplification of modulated waves 
instead of Class A amplifiers. 

36. In a high-efficiency linear amplifier sketch the following curves for one modula¬ 
tion cycle of a completely modulated wave: (1) modulatioYi envelope, (2) envelope of 
voltage across the tank circuit of A 2 , (3) envelope of voltage between plate and cathode 
of Aif (4) plate current of A 2 , and (5) plate current of Ai. 

37. Calculate the grid bias required with a Type 800 tube for the generation of 
the second, third, fourth, and fifth harmonics, assuming Et =* 1000, E^au = 150, and 
EmM% ^120. From the results tabulate the exciting voltages required for the different- 
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order harmonics and discuss the results from the point of view of relative driving 
power. 

38. Derive Eq. (94). 

39. Tabulate relative values of impedance that it is desired for the tank circuit 
of a harmonic generator to develop between plate and cathode when generating the 
second, third, fourth, and fifth harmonics, assuming that the impedance for Class C 
operation is taken as unity. 



CHAPTER VII 


VACUUM-TUBE OSCILLATORS 

61. Vacuum-tube Oscillator Circuits.—A vacuum tube is able to 
act as an oscillator because of its ability to amplify. Since the power 
consumed by the input of an amplifier tube is less than the amplified 
output, it is possible to make the amplifier supply its input. When this 


(a) Hartley Oscillator (b) Colpitts Oscillator 
Shunr Feed SnunF Feed 



Fig. 101. —Typical oscillator circuits. In each case the frequency is determined by a 
resonant circuit, and the arrangement is such that the tube acts as an amplifier supplying 
its own input voltage. 

is done, oscillations will be generated, and the tube acts as a power con¬ 
verter that c hang es the direct-current power supplied to the plate circuit 
into alternating-current energy in the amplifier output. 

■/Any amplifier circuit that is arranged to supply its own input voltage 
in the proper magnitude and phase will generate oscillations. Many 
‘circuits can be used for this purpose, of which a number are shown in 
Fig. 101. In general, the voltage fed back from the output and applied 
to the grid of the tube must be approximately 180® out of phase with the 
voltage existing across the load impedance in the plate circuit of the 
amplifier and must have a magnitude sufficient to produce the output 
power necessary to develop the input voltage, vlh the Hartley and 

102 
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Colpitts circuits this is accomplished by applying to the grid a portion of 
the voltage developed in the resonant circuit {i.e,, tank circuit). In the 
tuned-plate-tuned-grid circuit the energy transfer from plate to grid 
tuned circuits takes place through the grid-plate capacitance of the tube. 

• The frequency at which the oscillations occur is the frequency at 
which the voltage fed back from plate circuit to the grid is of exactly 
the proper phase to enable the tube to supply its own input. In oscilla¬ 
tors associated in some way with a resonant circuit, as are all those of 
Fig. 101, the frequency of oscillation approximates very closely the 
resonant frequency of this tank circuit.^ 

62. Design and Adjustment of Power Oscillators. —In the usual case 
where the object of a power oscillator is to develop a large amount of 
power at good efficiency, the tube is adjusted to operate as a Class C 
amplifier. The power output, plate efficiency, etc., then depend upon 
the grid-bias voltage, the tank-circuit impedance, the maximum grid 

potential E __ the minimum plate potential etc., exactly as in 

the case of a Class C amplifier. The only special factor involved is that 
the coupling between the grid and plate electrodes must be such that 
when the desired alternating voltage exists between plate and cathode 
electrodes (i.e., crest voltage slightly less than the plate-supply volt¬ 
age), the proper exciting voltage for Class C amplifier operation will be 
obtained. 

A power oscillator normally uses grid-leak bias in order to insure that 
the oscillator will be self-starting. With grid leak, there is no bias when 
the electrode voltages are first applied, so that the tube then has a high 
mutual conductance and is in a condition to amplify. Any thermal- 
agitation voltage of the proper frequency will accordingly start the oscilla-^ 
tions building up. On the other hand, when a fixed bias is employed, the 
tube will be biased beyond cut-off when the electrode voltages are applied, 
and oscillations cannot possibly start. 

Circuit Design ,—The first step in setting up a power oscillator is to 
design the tank circuit. Jn^such circuits as the Hartley and Colpitts, it 
is to be noted that the potential developed across the tank circuit will 
ordinarily be greater than with the same tube employed as a Class C 
amplifier. Thus in Figs. 101a and 1016 the total voltage developed across 
the tank circuit is the sum of the grid exciting voltage and the alternating 
voltage developed between plate and cathode. The actual tank-circuit 
design is carried out in the same manner as in the case of a Class C ampli- 

' In the tuned-plate~tuned-grid oscillator the circuit effective in determining the 
frequency is the grid-plate tube capacitance resonating with the grid and plate tuned 
circuits, which are adjusted to offer an inductive reactance at the frequency of oscilla¬ 
tion. This is apparent from the equivalent circuit of Fig. 101 and is discussed bebw 
in greater detail. 
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fier, using Eq. (93), except that the effective Q is ordinarily made some¬ 
what greater than with Class C amplifiers in order to improve the 
frequency stability (see Sec. 63). Where shunt feed is employed, 
the considerations relating to the shunt-feed choke are the same as in the 
case of the corresponding Class C amplifier. That is, the choke must 
have a high reactance compared with the reactance of the coil or con¬ 
denser it parallels. 

After the tank circuit has been proportioned, the next step is to deter¬ 
mine the approximate location of the connections from the tank circuit 
to the grid, plate, and cathode electrodes. Starting with the voltage to 
be expected across the tank circuit, the coupling to the plate must be 
such that the alternating voltage developed between plate and cathode 
will have a crest value just less than the plate-supply voltage. At the 
same time, the coupling to the grid must be such as to provide the exciting 
voltage corresponding to the Class C conditions desired. JThe circuit 
adjustments that are required to realize the necessary couplings can be 
determined by calculation, measurement, or by a trial-and-error process 
of adjustment. 

The grid-leak resistance must be such as to develop the required 
grid bias with the grid current corresponding to the desired operating 
conditions. The grid condenser should have a capacitance somewhat 
larger than the input capacitance of the tube and should also have a 
much lower impedance to radio frequencies than does the grid-leak resist¬ 
ance. At the same time the grid condenser must not be too large, or 
intermittent oscillations may be produced, as discussed below. 

The detailed procedure for laying out a power oscillator can be under- 
stood by the following example: 

Example.—Design the circuits of a i)ower oscillator using the shunt-feed Colpitts 
circuit of Fig. 1016, and a Type 800 tube at a plate potential of 1000 volts (see Table 
X). The frequency is 3000 kc, and the effective tank-circuit Q is to be 40. 

The first step is the tank-circuit design. The total voltage across the tank circiiit 
is the sum of the alternating plate-cathode voltage and the exciting voltage. The 
former will have a crest value of the order of 15 per cent less than the plate-supply 
voltage, or about 850 volts crest, while the latter is given in Table X as 260 volts. 
Hence from Eq. (93), with 50 watts output from Table X, 


j _ (850 + 260)* 
2 X 50 X 40 


= 305 ohms 


L = 16.25 Aih 


The capacitances Ci and Ca are determined by the fact that the sum of their reactances 
must be 305 ohms, and Ct must develop a voltage drop that is 850/(850 -f 260) of i he 
total voltage across the tank circuit. Hence Ca must have a reactance of 


305 X a50 
(850 -f 260) 


» 234 ohms, 
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while the reactance of Ci is 305 — 234 = 71 ohms. The corresponding capacitances 
are 227 and 748 /x/nf. 

The shunt-feed choke should have a reactance much greater than the reactance of 
the condenser that it shunts. A value 20 times the tank-circuit inductance is ade¬ 
quate, which calls for a choke inductance of at least 325 /ih. 

The grid-leak resistance must develop the bias of —135 volts called for in Table X, 
when the grid current has the expected value of 15 ma. The resistance must hence be 
135/0.015 = 9000 ohms. 

The grid condenser is not critical. A value of the order of 250 /z/zf will be satis¬ 
factory, as this is considerably greater than the input capacitance of the tube, is an 
adequate short circuit at the frequency of oscillation, and is still small enough to 
minimize trouble from intermittent oscillations. 

Practical Adjustment of Power Oscillators ,—After the circuit of a 
power oscillator has been laid out as indicated above, with the grid, 
plate, and cathode connections located either by an exact measurement, 
calculation, or by an estimate, the electrode voltages are turned on, and 
the oscillator tank circuit adjusted to oscillate at the required frequency. 
The coupling between the load and tank circuit is then varied until the 
expected power input to the tube is obtained, after which the power out¬ 
put, grid bias, and plate efficiency are observed. If these are not satis¬ 
factory, the grid-leak resistance, the coupling of the grid and plate 
electrodes to the tank circuit, and the coupling of the load to the tank 
circuit are varied until the desired conditions are realized. 

In making the final adjustments, it is helpful to keep in mind certain 
fundamental relations. Thus, with any adjustment giving reasonable 
plate efficiency, the current in the tank circuit assumes an amplitude such 
that the crest alternating voltage between plate and cathode is slightly 
less than the plate-supply potential. Hence, increasing the coupling 
between the grid-cathode electrodes and the tank circuit will increase the 
exciting voltage without producing an appreciable change in the voltage 
developed across the tank circuit or in the tank-circuit current. On the 
other hand, increasing the coupling between the tank circuit and the 
plate-cathode electrodes, with the coupling to the grid left unchanged, 
reduces the exciting voltage and reduces the tank-circuit current. This 
is because, with greater coupling to the plate, a smaller tank-circuit 
current will develop the required alternating plate potential. Altering 
the ratio of grid-cathode to plate-cathode voltage by varying the cathode 
connection to the tank circuit while leaving the plate and grid connections 
unchanged, changes both the exciting voltage and the tank-circuit current. 

Varying the grid-leak resistance in a power oscillator produces, as its 
principal effect, changes in the amount the grid is driven positive. This 
is because a higher leak resistance develops the required bias with a 
proportionately smaller grid current and hence with a less positive grid. 

Changes in the coupling between the load and the tank circuit have 
relatively little effect upon the amplitude of oscillations but a very great 
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effect upon the d-c plate current. This can be understood by considering 
what happens when the resistance coupled into the tank circuit is reduced. 
At the first instant the oscillations tend to increase in amplitude. This 
makes the minimum plate potential smaller, thereby decreasing the 
size of the plate-current pulses. Since the minimum plate potential 
hence the amplitude of the plate-current pulses, are quite 
sensitive to small changes in the amplitude of the oscillations, the final 
result of reducing the load coupling is then a relatively large decrease in 
d-c plate current accompanied by a relatively small change in the ampli¬ 
tude of the oscillations. 

Special Consideration Relating to Tuned-grid-Tuned~plate Oscillators .— 
The tuned-plate-tuned-grid oscillator can be reduced to the equivalent 
circuit of Fig. lOId. Examination of this circuit shows that oscillations * 
can be obtained at a particular frequency by tuning both plate and grid 
tuned circuits to a slightly higher frequency than is to be generated. The 
resulting inductive reactance of the two tuned circuits then resonates with 
the grid-plate tube capacitance to form an oscillator circuit similar in 
many respects to the Hartley circuit. 

The plate tuned circuit of the oscillator is designed by the use of 
Eq. (93), assuming that the entire oscillator output is delivered to this 
circuit and that the crest alternating voltage is only slightly less than 
the d-c plate voltage. The exact proportions of the grid tuned circuit 
are not particularly important, provided the proper tuning range is 
obtained. 

In the practical adjustment of a tuned-plate-tuned-grid oscillator, 
the frequency is determined primarily by the tuning of the plate circuit, 
and the excitation is controlled by the adjustment of the grid tuned 
circuit. The tuning-up procedure accordingly consists in first making 
the plate circuit resonant at approximately the desired frequency and 
then varying the condenser of the grid tuned circuit and the coupling 
of the load to the plate tuned circuit until the grid current, plate current, 
and power output given by the tube manufacturer for Class C ampin 
fier operation are approximated. The frequency of oscillation is then 
checked, and readjustments made as necessary. 

Intermittent Operation .—When a grid leak is used to develop the grid 
bias, it is sometimes found that the oscillations are periodically inter¬ 
rupted. These interruptions may be at an audible rate or they may be 
lit a radio frequency. They are the result of an excessively large time 
constant RgCg for the grid-leak-grid-condenser combination, and they 
can be cured either by decreasing the grid-leak resistance Rg or by reduc¬ 
ing the grid-condenser capacitance Cg, or both. 

The process involved in intermittent operation is as follows: The 
oscillations first build up in amplitude to the equilibrium condition. Any 
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slight irregularity tending to reduce the amplitude of oscillations will 
|then cause the oscillations to die out because, with the large time con¬ 
stant RgCg, the bias tends to remain constant, whereas, in order to prevent 
the oscillations from dying out, it is necessary for the bias to reduce 
as the amplitude of oscillations reduces. After cessation of oscilla¬ 
tions the grid condenser gradually discharges through the grid leak, 
reducing the bias until the tube will again amplify. An oscillation there¬ 
upon builds up again to the equilibrium value, to repeat the process. 

Synchronization of Vacuum-tube Oscillators, —Vacuum-tube oscillators 
have an inherent tendency to synchronize with any other oscillations of 
approximately the same frequency that may be present. The behavior 
of two oscillators loosely coupled together and generating frequencies 
that are not widely different illustrates what can be expected. If the 
two frequencies differ by only a small percentage, they are both shifted 
from their normal values in such a way as to reduce the difference. This 
attraction of the two frequencies becomes more pronounced as the differ¬ 
ence between the normal oscillating frequencies is reduced, and finally 
becomes so great that the oscillators pull into synchronism. The extent 
to which the frequency of an oscillator can be shifted from its normal 
value by the presence of currents of a slightly different frequency will 
be greater as the amplitude of the injected current is increased and as the 
frequency stability of the oscillator is lowered. The natural tendency 
of vacuum-tube oscillators to synchronize means that parallel operation 
of several tubes in an oscillator circuit presents no difficulties. 

Tubes for Power Oscillators ,—The same tubes employed for triode 
Class C power amplifiers (see Sec. 58) are also used for power oscillators. 
For output powers up to a few kilowatts this means that air-cooled tubes 
are used, whereas water-cooled tubes are employed where greater power 
is required. 

63. Frequency and Frequency Stability of Generated Oscillations.— 

The alternating current generated by a vacuum-tube oscillator has a 
frequency such that the voltage which the oscillations apply to the grid 
of the tube is of exactly the proper phase to produce the oscillations that 
supply this grid exciting voltage. This approximates the resonant 
frequency of the tank circuit, but the exact value is also usually influ¬ 
enced by such factors as the effective Q of the tank circuit, the electrode 
voltages of the tube, the load coupling, etc. 

For many requirements it is essential that the generated frequency 
be as nearly constant as possible. The first step in achieving this is to 
maintain constant the resonant frequency of the tank circuit. Factors 
that can cause the resonant frequency to change are aging of coils, con¬ 
densers, tubes, etc., variation of inductance and capacitance with tem¬ 
perature, variations in the interelectrode capacitance of the oscillator 
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tube as a result of temperature effects or tube replacements, and vari- | 
ations in the reactance that the load couples into the tuned circuit. 
Temperature effects are particularly troublesome because the energy 
dissipated in the circuit causes progressive heating that is very difficult 
to compensate for. The temperature coefficient of a tuned circuit 
depends up)on the construction, but is commonly in the range 10 to 
100 parts in a million per degree centigrade. 

Constancy of the resonant frequency of the tank circuit does not insure 
a stable frequency, however, since the frequency actually generated 
normally differs from the resonant frequency by an amount that depends 
upon the electrode voltages and the effective resistance of the tank circuit. 
Thus, consider the Colpitts circuit of Fig. 102a, and simplify by assuming 
that the shunt-feed choke has infinite reactance, that the grid condenser 

(a) Actual Circuit (b) Equivalent Circuit 



diagram showing how tank-circuit resistance makes it necessary for the generated frequency 
to differ slightly from the resonant frequency of the tank circuit. 

has negligible reactance, that thp grid current is negligibly small, and 
that the grid-leak resistance is infinitely large. This gives the equivalent 
circuit of Fig. 1026. At the frequency of oscillation, the vector diagram 
giving the phase relations in this equivalent circuit is as shown at Fig. 
102c, where Egf is the exciting voltage applied to the grid, and —txEgf 
is the equivalent voltage acting in the plate circuit. Here the frequency 
of oscillation is slightly higher than the resonant frequency of the tank 
circuit, and the tank-circuit impedance offered to —fiEgf is capacitive. 
The current Ip flowing into the tank circuit from the plate of the tube 
hence leads the voltage —fiEg/^ while the resulting voltage drop Ep/ 
across the condenser Ci in the tank circuit lags —fiEgf, as shown in Fig. 
102c. The current II through the inductive branch of the tank circuit 
lags behind Epf by the angle a, which is less than 90® as a result of the 
resistance R representing the sum of coil resistance and coupled load 
resistance. The exciting voltage Egf for this simplified case is the voltage 
drop produced by the current II flowing through the condenser C 2 and 
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so lags 90® behind 7 l. This voltage must be exactly 180® out of phase 
with the vector representing in the diagram. 

Study of Fig. 102c shows that it is necessary for the frequency of 
oscillation to differ from the resonant frequency of the tank circuit in 
order to produce a phase shift that will compensate for the effect on the 
phase relations produced by the resistance R. The amount of this 
frequency deviation from the resonant frequency will change (with a 
resulting variation in frequency) as the resistance of the tank circuit is 
varied, or as the electrode voltages of the tube alter the effective plate 
resistance. If, in addition, the effect of the grid current, grid-leak resist-^ 
ance, grid-condenser capacitance, shunt-feed choke, etc., is taken into 
account, the situation is more complicated, although the results are of the 
same general character. 

The most important factor in obtaining a stable frequency is the use 
of a tank circuit having a high effective Q.^ This is because the frequency 
change required to develop the phase shift that compensates for varia¬ 
tions in load resistance, tube voltages, etc., is inversely proportional to 
the tank-circuit Q. The frequency stability is also helped by operating 
the tube so that the grid current is small and constant (as when a high 
grid-leak resistance is used) and by operating the oscillator with a con¬ 
servative power output. 

The frequency stability of an oscillator can be improved by arranging 
the circuits so that the frequency of the generated oscillations is exactly 
the same as the resonant frequency of the tank circuit. This can be done 
by placing a suitable reactan(!e in series with the grid or plate electrodes 
to produce the phase shift that would otherwise have to be obtained by a 
shift in frequency. In the case of the Hartley and tuned-plate-tuned-grid 
circuits, the compensating reactance can be a capacitance in series with 
the grid and so can be supplied by adjusting the grid condenser to a 
suitable value. With the Colpitts circuit the compensating reactance 
can also be a capacitance in the grid lead, provided there is at the same 
time a small inductance in series with the plate electrode. The proper ; 
capacitance in any case can be readily determined experimentally by 
finding the grid-condenser setting for which there is the smallest change 
in frequency when the plate voltage is varied. 

When frequency stability is important, the load impedance that is 
coupled into the tank circuit should be as nearly resistive as possible. 
This is because any reactance coupled into the tank circuit greatly alters 
the resonant frequency, whereas coupled resistance has only a slight 

' A high tank-circuit Q corresponds to a low L/C ratio in the tank circuit, since 
Eq. (93) shows that the tank-circuit inductance L is inversely proportional to Q. 
Hence, the common statement that a low L/C ratio improves stability is the same as 
saying that a high Q is desired. 
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effect. Hence, by making the load^ resi^^^ variations in load have a 
minimum effect on the frequency. 

Master-oscillator Power-amplifier and Electron-coupled Arrangements ,— 
The difficulty of obtaining a large power output with maximum frequency 
stability has led to the wide use of master-oscillator power-amplifier 
arrangements. In these an oscillator designed to have a very stable 
frequency is used to excite a Class C amplifier. By operating the ampli¬ 
fier so that the driving power is small, the oscillator is effectively isolated 
from the load coupled into the tank circuit of the power amplifier and 
so operates under conditions favorable for frequency stability. 

When a properly designed master-oscillator power-amplifier arrange¬ 
ment is operated so that the tank circuit is either at constant temperature 
or is temperature compensated to have the same resonant frequency over 


(o)‘ <b) (c> ^ 



Fig. 103.—Electron-coupled oscillator circuits. 


ordinary temperature ranges, a frequency stability of the order of 20 
to 100 parts per million can readily be maintained under commercial 
conditions. 

" The electron-coupled oscillator consists of a screen-grid tube in an 
arrangement such as shown in Fig. 103a. Here the cathode, control 
grid, an,d screen grid are operated as a triode oscillator with the screen 
serving as the anode. Only a few electrons are intercepted by the screen, 
but the circuits can be so designed that these are enough to maintain the 
oscillations. The remaining electrons, which represent most of the space 
current, go on to the plate and through the load impedance that is con¬ 
nected in series with the plate electrode. This arrangement is called an 
electron-coupled oscillator, because the oscillator and output circuits are 
coupled by the electron stream. By operating the screen grid at ground 
potential, as shown in Fig. 103a, or neutralizing as in Fig. 103,6, capacitive 
coupling between the output and oscillator sections of the tube is mini¬ 
mized. The load and oscillator sections of the tube are then effectively 
isolated, and variations of the load impedance mil have negligible effect 
on the frequency of oscillations, provided only that the instantaneous 
plate voltage is never low enough to permit the formation of a virtual 
cathode between screen and plate. The result is hence equivalent to a 
master oscillator and power amplifier combinecf in one tube. 
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Experiment shows that increasing the plate voltage of an electron- 
coupled oscillator causes the frequency to change in one direction, whereas 
increasing the screen voltage makes the frequency vary in the opposite 
way. Hence by obtaining the screen potential from a voltage divider, as 
shown in Fig. 103, and by locating the screen tap at the proper point 
(as determined by trial) it is possible to balance the two actions against 
each other and make the frequency independent of the plate-supply 
voltage. 

It is also possible to use electron coupling with pentode tubes, as 
shown in Fig. 103c. This has the advantage of permitting operation 
with the cathode at ground potential with no neutralization. However, 
it is ordinarily no longer possible to find a ratio of screen to plate voltage 
that will make the frequency independent of the plate-supply voltage. 

Because of the way in which it com¬ 
bines simplicity, isolation of the output 
from the frequency-controlling part of 
the circuit, and a frequency independent 
of plate-supply voltage, the electron- 
coupled oscillator finds general favor 
where frequency stability is important. 

Although not so stable in frequency as 
is the crystal oscillator, because of 
temperature effects, the electron-coupled oscillator permits the frequency 
to be continuously varied and so is used under conditions where a crystal 
oscillator cannot be employed. 

Oscillators Employing Resonant Lines .—The frequency of oscillators 
operating at very high frequencies is often controlled by a tuned circuit 
supplied by a resonant transmission line. This is possible because, as 
explained in Sec. 19, a quarter-wave transmission line short-circuited 
at the receiving terrhinals acts as a parallel resonant circuit. 

A practical oscillator circuit utilizing a resonant transmission line to 
control the frequency is shown in Fig. 104. This is a tuned-plate-tuned- 
grid typer of oscillator with the grid tuned circuit supplied by the high-Q 
resonant line, and the plate tuned circuit supplied by a conventional 
coil and condenser arrangement to which the load is coupled. For maxi¬ 
mum frequency stability, the resonant line must be loosely coupled to the 
grid of the tube by connecting the grid to the line at a point relatively 
close to the shorted end, and the adjustments are such that the reso¬ 
nant line has most of the reactive energy and so tends to control the 
frequency. 

The resonant-line oscillator is able to generate large amounts of power 
with good frequency stability, and without the use of a power amplifier. 
At the same time, resonant-line oscillators are suitable only when the 


_ Or/d leak Regeneraf/on 
control 
hne 

Fig. 104.—Circuit of practical 
vacuum-tube oscillator employing 
resonant line to control frequency 




202 


FUNDAMENTALS OF RADIO 


IChap. VII 


wave length is small enough for the lines to be of reasonable physical 
size (f.e., when the frequency is very high). 

64. Crystal Oscillators.— ^The frequency of an oscillator can be main- j 
tained very accurately at a fixed value by using a 
piezo-electric quartz crystal as the frequency¬ 
controlling element. Such a crystal acts as a 
I mechanically resonant circuit, with the piezo- 
' i electric effect providing a connection between the 
I mechanical vibrations and the electrical circuits. 

4 Piezo-electricity. —Piezo-electric properties are 

-1 exhibited by a number of crystalline substances, 

? ; I such as quartz, Rochelle salt, tourmaline, etc. 
Such crystals are characterized by the fact that 
when an electrostatic stress is applied in certain 
I directions a mechanical stress is produced in other 
I directions, and vice versa. 

The most active piezo-electric substance is 
y;] Rochelle salt, which is used in piezo-electric 
microphones and loud speakers. Quartz, though 
^exhibiting the piezo-electric effect to a much smaller 
degree than Rochelle salt, is employed for fre- 
. 1 quency control in oscillators because of its per- 
■ manence, low temperature. coefficient, and low 
frictional losses. Tourmaline is similar to quartz, 
Fig. I05.~iiiu8tra- but Ls not used because of its high cost. 

tion showing the natural Pie zo-electrie quartz crystals have a hexagonal 

quartz crystal and the , . , • . i i i • -r-i- 

relation of the electric cross section With pointed ends as shown in Fig. 

w X, the mechanical or jQS. The axis joining the points at the ends of 
r, and the optical or / i • i T x- i • i 

z axes to the crystal the crystal IS known as the optical axis, and 

structure. The upper electrOstatic stresses applied in this direction 
section shows a r (or , . i ^ ^ 

30-deg.) cut plate while produce no piezo-electric effect. Ihe three axes 

the plate in the wnter X', X", and X'" passing through the corners of 
cut. The third Y axis, the hexagon that forms a section perpendicular to 
ie not shoira be- the optical axis are known as the electrical axes, 
the drawing makes it While the three axes, Y, Y', and Y , which are 
^ncide with the zz perpendicular to the faces of the crystal, are the 
mechanical axes. 

A mechanical stress in the direction of a 7 axis produces an electro¬ 
static stress in the direction of the X axis that is at right angles to the 
Y axis involved. The polarity of the electrostatic stress depends upon 
whether the mechanical strain is a compression or tension. Conversely, 
when an electrostatic stress is applied in the direction of an effectrical 
axis, mechanical strains are produced along the mechanical axis at right 
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angles to the electrical axis. This interconnection between mechanical 
and electrical properties is exhibited by practically all sections cut from a 
piezo-electric crystal. Thus, if mechanical forces are applied across the 
faces of a crystal section having its flat sides perpendicular to a F axis, as 
in Fig. 106a (which is known as the Y or 30-degree cut), electrostatic 



perpendicular to the optical axis ZZ. The plate at a is a F cut (also called 30-deg. cut), 
because its face is perpendicular to a F (i.e., mechanical) axis, while the plate at 6 is an X 
cut plate (Curie cut), because its face is perpendicular to an X (i.e., electric) axis. 


(b> Equivalent Clrctnf 


T=Cf 


Stresses will be developed because the forces in such a crystal have a 
component across one of the Y axes. 

Equivalent Electrical Circuit of Quartz Crystal .—When an alternating 
voltage is applied across a quartz crystal in such a direction that there 
is a component of electrostatic stress in the direction of an electrical axis, 
alternating mechanical stresses will be produced in the direction of the 
Y i^or mechanical) axis which is («)Ach«i circuit 
perpendicular to the X axis involved. 

^licse stresses will cause the crystal 
to vibrate, and, if the frequency of 
the applied alternating voltage ap¬ 
proximates a frequency at which Equivalent electrical net- 

* ^ , work that represents the effect which a 

mechanical resonance can exist in the vibrating quartz crystal has on the electri- 

crystal, the amplitude of the vibra- associated with it. 

tions will be very large. In the vicinity of such a resonant frequency 
the current that is drawn by the crystal as a result of the vibrations is 
exactly the same current that would be drawn by a series circuit composed 
of resistance, inductance, and capacitance. In addition to this current 
representing the vibrational characteristics of the piezo-electric crystal, 
there is also a component of leading current resulting from the electro¬ 
static capacitance of the quartz considered as an ordinary dielectric. / 
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The action of a quartz crystal, as far as the associated electric circuits 
are concerned, can consequently be replaced by the equivalent electrical 
network shown in Fig. 107. Here C\ represents the electrostatic capaci¬ 
tance between the crystal electrodes when the crystal is not vibrating, and 
the series combination L, C, and R represents the electrical equivalent 
of the vibrational characteristics of the material. The inductance L is 
the electrical equivalent of the crystal mass that is effective in the vibra¬ 
tion, C is the electrical equivalent of the effective mechanical compli¬ 
ance, and R represents the electrical equivalent of the coefficient of 
friction. The frequency at which L and C are in series resonance is also 
the frequency of mechanical resonance. The electrical energy drawn 
by the equivalent L-C-R series circuit represents energy that the electrical 
circuit supplies to maintain the crystal vibrations. An electrical circuit 
involving a piezo-electric crystal can therefore be analyzed by replacing 
the crystal with its equivalent electrical network and the/i determining 
the behavior of the resulting circuit. 

The magnitudes of L, C, and C\ that enter into the equivalent elec¬ 
trical network of the vibrating quartz crystal depend upon the way in 
which the crystal is cut, the size of the crystal, and the type of vibration 
involved. 

Values for a typical case are shown in Table XII. It will be noted 
that the quartz-crystal resonator is characterized by an extremely high Q 
and also by an unusually high ratio of equivalent inductance to equivalent 
capacitance. 

Table XII.— Characteristics of Quartz Crystal 


! thickness. 0.636 cm 

width.. 3.33 cm 

length. 2.75 cm 


Resonant frequency (thicknefife vibration) == 474 kc 
Equivalent electrical characteristics: 

L = 3.66 henries 
C « 0.031 
Cl =* 5.76 iini 
R =4518 ohms 
Q = 2294. 

Crystal-oscillator Circuits ,—A quartz crystal can be used to control 
the frequency of an oscillator by so locating the crystal in the oscillator 
circuit that the equivalent electrical network of the crystal takes the place 
of a tuned circuit that would normally control the frequency. Typical 
arrangements of this type are shown in Fig. 108. 

The circuit of Fig. 108a is seen to be a tuned-plate-tuned-grid arrange¬ 
ment, with the grid tuned circuit supplied by the crystal. In such an 
arrangement the amplitude of oscillations is determined by the grid-plate 
capacitance of the tube and the tuning of the plate resonant circuit. In 
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some cases the triode tube of Fig. 108a is replaced by a pentode, as shown 
in Fig. 1086. The coupling between grid and plate circuits is then pro¬ 
vided either by the residual grid-plate capacitance present in audio-fre¬ 
quency power pentodes or by a small external capacitance in the case of 
radio-frequency pentodes. In either case, it is possible to make the 
coupling much less than when triodes are used. 

Another type of circuit is shown in Fig. 108c, where the crystal sup¬ 
plies the coupling between the grid and plate circuits of a radio-frequency 
pentode. The amplitude of oscillations in this arrangement is deter¬ 
mined by the size of the condenser C 2 in series with the crystal, and the 
capacitance C 3 that supplies the plate-return to the cathode for radio 
frequencies. The circuit of Fig. 108d is an electron-coupled crystal 


(a) 

/Crysfa! 





(e> Equivalent 
Circuit of <a) 


^9^ 

‘■sg- 

(f) Equivalent choke 
Circuit of (c; 

Equivakn ^ ^ 

^crysfai^\\ . 

:* network 1 IC/nifl 

I 

' E^fUNoltn f crys fa! ^3' 

nefwotk 

Fia. 108.—Typical crystal-oscillator circuits together with several equivalent circuits 
in which the crystal is represented by an electrical network. 



oscillator, in which the control grid, cathode, and screen grid, function 
as in an ordinary crystal-oscillator circuit. The output is developed in 
the plate circuit, however, and is coupled to the oscillator section only 
through the electron stream, thereby providing isolation. In some cases 
the output tuned circuit is tuned to a harmonic of the crystal frequency, 
thereby combining crystal oscillator and harmonic generator in one tube. 

The frequency of oscillation obtained with the arrangements of Fig. 
108 depends slightly upon the circuit adjustments and can be varied 
over a very small range by such an expedient as placing a variable con¬ 
denser in shunt with the crystal. The control over the crystal frequency 
obtainable in this way is small, however, because the small ratio of C/C\ 
in the equivalent crystal circuit means that the coupling between the 
crystal resonator and the tube circuits is so low that the latter have very 
little effect. 

Crystal Cuts and Modes of Oscillation .—The crystals used in oscillators 
are commonly in the form of plates cut from the natural crjrstal with 
orientations known as X, F, A T, and V cuts. 
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The relationship between the X-cut plate and the crystal axis is shown 
in Fig. 105. Such a plate has two principal modes of oscillation. One of 
these is determined by the thickness of the crystal in the direction of the 
electrical axis and involves standing waves in this direction. The other 
frequency is determined by the width of the crystal measured along the 
Y axis and involves standing waves in the width direction. The tem¬ 
perature coeflScient of the resonant frequency of both modes of vibration 
is approximately —20 parts in a million per degree centigrade. The 
circuits of Fig. 108 can be made to excite either the width or thickness 
vibration at will, according to the resonant frequency of the plate tuned 
circuit. 

The relationship between a F-cut plate and the crystal axes is shown 
in Fig. 105. Such a crystal has two principal resonant frequencies cor¬ 
responding to those obtained with the 
X cut. The temperatu;*e coefficient of 
the width vibration of a F-cut crystal 
is approximately — 20 parts in a million 
per degree centigrade, and the thick¬ 
ness vibration has a temperature 
coefficient that may vary from —20 
to +100 parts in a million per degree 
centigrade, with the exact value de¬ 
pending upon the operating tempera¬ 
ture and ratio of width to thickness. 

Both X- and F-cut crystals possess 
additional modes of vibration. These 
resonances are in some cases produced 
by harmonics of the width vibration 
and in other cases are the result of 
flexural and torsional vibrations and their harmonics. The resonances 
are more numerous the thinner the crystal, and they cause very thin 
crystals to have a complicated frequency spectrum such as is illustrated 
in Fig. 109. The increasing complexity of this frequency spectrum as 
the plate becomes thinner sets a practical limit to the highest frequency 
that it is feasible to generate in a crystal oscillator using X- and F-cut 
crystal plates. 

A crystal cut out of a plane rotated about the X axis, as shown in 
Fig. 110, has substantially zero temperature coefficient for the thickness 
frequency and also has a very simple frequency spectrum in the vicinity 
of the thickness resonant frequency. This type of crystal plate is known 
as the AT cut. 

The AT-cut crystal is preferred to X and F cuts for high-frequency 
operation. This is because the low temperature coefficient of the A T cut 



Fig. 109.—Typical frequency spec¬ 
trum of thin quartz plate showing 
how several closely spaced resonant fre¬ 
quencies sometimes occur. The length 
of the vertical lines indicates in a rough 
way the relative tendency to oscillate 
at the different resonant frequencies. • 
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makes it possible to obtain constant frequency without keeping the crystal 
at constant temperature. Also, the very simple frequency spectrum 
of the A T cut makes it possible to use thinner crystals, and hence to go 
to higher frequencies, than is feasible with X- and F-cut crystals. 

The F-cut crystal is an orientation about the Z and X' axis. It is 
possible in this way to obtain a piezo-electrically active crystal having a 
zero temperature coefficient for the thickness vibration, and such crystals 
are used to a considerable extent at high frequencies. 

At the lower frequencies, X- or F-cut crystals employing width vibra¬ 
tions are used. The temperature coefficient of these cuts is such that the 
crystal must be maintained at constant temperature if the frequency 
stability is to be high. 

Crystal Mountings .—The crystal holder must be 
arranged to add as little damping as possible to the 
crystal vibrations, and yet it should, when possible, 
hold the crystal rigidly in position. X- and F-cut 
plates in which the width vibration is utilized can 
be clamped in the middle of the width direction, 
since this is a nodal point for the vibration. A T- and 
F-cut crystals in which the thickness vibration is 
utilized can be clamped by spring pressure between 
electrodes, which are preferably cupped so that the 
pressure is exerted at only a few points, such as the 
corners of a square crystal or the periphery of 
circular crystals. With X-cut crystals using the 
thickness vibration, it is usually desirable to allow 
an air gap between the upper electrode and the crystal because 
clamping introduces appreciable damping. 

The variation of the resonant frequency with temperature in X- and 
F-cut crystals makes it necessary to maintain such crystals at a constant 
temperature if the frequency stability is to be high. This is done by 
placing the crystal in an electrically heated oven maintained at constant 
temperature by means of a thermostat. With the AT and V cuts the 
temperature coefficient of frequency is so low that temperature control 
can normally be dispensed with. 

Frequency Stability of Crystal Oscillators .—The frequency of a crystal 
oscillator depends primarily upon the revsonant frequency of the crystal, 
but is affected to a small extent by the constants of the associated elec¬ 
trical circuits. When the crystal is maintained at constant temperature, 
or when a zero-temperature-coefficient cut is employed, a stability of 
10 to 30 parts in a million can readily be obtained over long periods of 
time under commercial conditions if the voltages applied to the oscillator 
tube are reasonably constant. When all possible precautions and refine- 



showing how crystal 
plane is rotated about 
X axis to obtain the 
AT cut. 
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ments are taken, including such measures as maintaining the electrical 
circuits and tube, as well as the crystal, at constant temperature, fre¬ 
quency stabilities as high as 1 part in 10 million or better can be obtained. 

The frequency of a crystal oscillator is determined primarily by the 
crystal dimensions. Hence, in order to change the frequency, it is usually 
necessary to employ another crystal or to regrind the original crystal if 
the new frequency is higher. Small changes in the frequency can be 
made, without grinding the crystal, by varying a capacitance shunted ; 
across the crystal holder and, in the case of X- and F-cut crystals, by 
varying the crystal temperature. 

Power Obtainable from Crystal Oscillators. —The power obtainable 
from a crystal oscillator is limited at high frequencies by heating of the 
crystal, and at low frequencies by the strains that the vibrations set up 
in the crystal structure and that will crack the crystal if the vibrations 
are too intense. A crystal having a large area will develojp more power 
than a small crystal at the same resonant frequency, but the extent to 
which one can go in this direction is limited by the difficulty of grinding 
large crystals sufficiently true. 

An ordinary crystal is capable of developing sufficient voltage at high 
frequencies to excite a tube generating approximately 50 watts of power. 
However, working the crystal this hard results in appreciable dissipation 
of power within the crystal, which causes the temperature to rise. Since 
Z- and F-cut crystals have a high temperature coefficient, it is very 
desirable to operate such crystals with relatively light load, the common 
practice being to control only a few watts of power. With the A T and 
V cuts the operation of the crystal lightly loaded is not so important, 
since the temperature can be allowed to rise appreciably without change 
in the frequency. 

66. Parasitic Oscillations.—The term parasitic is applied to any 
undesired oscillation occurring in an amplifier or oscillator. Parasitic 
oscillations absorb power that would otherwise represent useful output 
and also give rise to distortion in linear amplifiers, modulated oscillators 
and amplifiers, and audio amplifiers. 

Examples of Parasitic Oscillations. —Parasitic oscillations result from^i 
the fact that, when the tube capacitances, lead inductances, shunt-feed 
chokes, etc., are all taken into account, it is usually found that several 
possible modes of oscillation can exist in addition to the desired type of 
operation. The nature of these parasitic circuits and the means for 
preventing them from giving rise to oscillations can be understood by 
considering several typical examples. Consider first the simple Class C 
amplifier circuit of Fig. Ilia. At very high frequencies this reduces to 
the circuit of Fig. 1116, which is a tuned-plate-tuned-grid oscillator 
circuit with the grid and plate tuning condensers supplied by the grid- 
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filament and plate-filament tube capacitances, respectively. The grid 
inductance Li and plate inductance are supplied by the inductance of 
the leads between these two electrodes and ground through the tuning 
capacitances Ci and C 2 , which can be considered as short circuits at the 
parasitic frequency. It will be noted that the neutralization is not effec¬ 
tive, because the coil Lp does not participate in the parasitic oscillation. 
Instead, the neutralizing condenser in series with the inductance of its 
leads merely forms a shunt across Li to ground through C 2 , modifying 
the resonant frequency of the grid tuned circuit. The circuit shown 
at Fig. 1116 will oscillate, provided the plate tuned circuit offers inductive 
reactance at the resonant frequency of the grid tuned circuit. 


(a) Actual CiVeuit 

f Insert choke 
Insert res^ »here ^ 
islance here--^ g 


(b) Ci'ncuit of Parasitic 
Oscillations 
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Fig. 111.—Typical Class C amplifier circuit showing how high-frequency parasitic oscilla¬ 
tions are possible. 


The remedy for such parasitic oscillations is to insert either a resist¬ 
ance in series with the grid or a small choke coil in series with the plate, as 
shown in Fig. 111a. Such a resistance is directly in series with the grid 
tuned circuit and so reduces the tendency to oscillate at the parasitic 
frequency. The plate choke reduces the resonant frequency of the plate 
tuned circuit, causing it to offer a capacitive reactance at the resonant 
frequency of the grid tuned circuit, and thereby produces a non-oscilla- 
tory condition. Neither grid resistance nor plate choke has appreciable 
effect on the desired mode of operation, because they are not in series 
with the resonant circuits effective for normal operation. 

Next, consider the push-pull circuit of Fig. 112a. An arrangement 
of this sort is commonly troubled with a high-frequency parasitic oscilla¬ 
tion. At this high frequency, the capacitances Ci, C/, C 2 , and C 2 ' are 
effectively short circuits. This places the two tubes in parallel and leads 
to the equivalent parasitic circuit of Fig. 1126, which is a tuned-plate- 
tuned-grid arrangement in which the neutralizing capacitance is effec¬ 
tively in parallel with the grid-plate tube capacitance and so increases 
the tendency to oscillate. The inductance effective in the grid tuned 
circuit is the inductances of the leads from grids to ground through the 
capacitances Ci or Ci'. The plate-circuit inductance is similarly the 
lead inductance, and the tuning capacitances are supplied by the tubes. 
This type of parasitic oscillation can be eliminated by inserting resistances 
in the grid circuits next to the grids, or by detuning the plate parasitic 
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circuit by the use of small choke coils inserted in the plate leads next to 
the plates. 

The circuit shown in Fig. 112a may also develop low-frequency para¬ 
sitic oscillations in which the grid and plate chokes participate. At 
these low frequencies the grid and plate tuning inductances Lg and Lp 
can be considered as short circuits, giving an equivalent circuit having 
the form shown at Fig. 112c. This is seen again to be a tuned-plate- 
tuned-grid circuit, with the grid and plate chokes now supplying the 

^ ^ lb) High-frequency (c) Low-frequency 

(a) Actual Circuit Parasitic Circuit Parasifictircuit 

Fig. 112.—Neutralized push-pull amplifier, showing how the tubes can operate in 
parallel to produce a high-frequency parasitic oscillation and also a low-frequency parasitic 
oscillation. 




C', + Cgf ‘'C2+C2-»'Cpf 


tuning inductances. Since these chokes are large and are tuned by a 
considerable capacitance, the frequency of the corresponding parasitic 
oscillation is quite low. The remedy consists either in arranging the 
circuit proportions so that the plate tuned circuit is resonant to a lower 
frequency than the grid tuned circuit or, better yet, in eliminating one of 
the chokes. 


When tubes are connected in parallel as in Fig. 113a, parasitic oscilla¬ 
tions in which the two tubes operate in series can almost always be 

expected. Thus at high frequen- 


(a) Actual Circuit vp; cqu.vaienrurcu.r inductances from 

@ * I grid to grid and plate to plate, in 
r ^ conjunction with the interelectrode 
^ ^ I capacitances of the tube, form a 

^ * tuned-grid-tuned-plate circuit, as 

showing how the tubes may act in push-pull illustrated in Fig. 1136. 1 hlS may 

to produce a high-frequency parasitic produce parasitic OSCillatioilS unless 
oscillation. rcsistors or detuning plate 

inductances are employed. The neutralization has no effect because 
the neutralizing condenser is between points that are at ground potential 
for the parasitic oscillation. 

Miscellaneous Comments on Methods of Investigating and Eliminating 
Parasitic Oscillations, —Parasitic oscillations can be expected as a matter 
of course in any new design of power amplifier or power oscillator involv¬ 
ing large tubes. The simplest method of investigating the presence of 
parasitic oscillations in a Class C amplifier is to remove the exciting 


(b) EquivalenfCircuif 



Sec. 66] 


VACUUM-TUBE OSCILLATORS 


211 


voltage, make the grid bias small or even zero, and operate with a plate 
voltage lowered sufficiently to keep within the rated dissipation of the 
tube. This insures a high mutual conductance and gives conditions 
favorable for the excitation of most types of parasitics. These oscillations 
can then be searched for by means of a neon lamp on a stick. When the 
lamp is brought near a point of high voltage, it will glow, thus making 
it possible to determine what parts of the circuit are involved. After a 
parasitic oscillation has been thus located and its frequency determined, 
the equivalent circuit can be deduced and remedial means devised. It 
is commonly found that, upon the elimination of one parasitic oscillation, 
another oscillation of a different type will appear, and that upon the 
elimination of this still other parasitic oscillations may start up. 

Screen-grid and pentode power amplifiers are practically immune 
from most types of parasitic oscillations, provided that the screen grid 
is really at ground potential, since no energy transfer through the tube 
is then possible. However, the circuit from the screen-grid electrode 
through the by-pass condenser to cathode has inductance, and, if this 
circuit is not made as short as possible, the voltage drop in this inductance 
will be sufficient to prevent the screen from being at the cathode potential. 
Feedback through the tube with the possibility of parasitic action will 
then be present. 

Troubles from parasitic oscillations can be minimized by using simple 
circuits with short loads. It is often helpful in this connection to make 
the grid leads as short as possible and then use somewhat longer plate 
leads, since the extra inductance of the plate leads then gives much the 
same effect as a small plate choke. Neutralization systems that are 
symmetrical and so maintain the neutralization over a wide frequency 
band are also helpful. It is also desirable to employ inductive coupling 
to the input and output circuits of the tube rather than capacitive or 
tapped inductance coupling. Shunt-feed chokes should be avoided when 
feasible and should not be employed in both grid and plate circuits of 
the same tube. 

Oscillators Employing Electron Oscillations. Barkhausen Oscil¬ 
lators .—Frequencies higher than those obtainable by the use of conven¬ 
tional oscillators can be generated by means of electron oscillators, either 
of the Barkhausen or of the magnetron type. The nature of the Bark¬ 
hausen electron oscillator can be understood by reference to Fig. 114, 
which shows a triode operated with the grid at a high positive potential 
and the plate at a slight negative potential. Electrons emitted from 
the cathode under these circumstances are attracted toward the grid, but 
most of them pass through the spaces between the grid wires into the 
grid-plate space, where they slow down and ultimately stop just before 
reaching the plate. The electrons are then drawn back toward the grid, 
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but, if they are not captured by the grid wires, they will pass on into the 
grid-cathode space and slow down upon approaching the filament. This 
oscillation about the grid may be repeated over and over before the elec¬ 
tron is ultimately removed from the tube by a chance impact against the 
grid wires. Several such electron oscillations about the positive grid 
are illustrated schematically in Fig. 114?). 

The frequency of the electron oscillation is determined primarily by 
the grid potential and the dimensions of the tube, but space charges, the 
external tuned circuit, the negative potential of the plate, etc., may alter 
the frequency by perhaps 30 to 50 per cent. With cylindrical electrodes 
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Fig. 114.—Circuit for generating Barkhausen oscillations, together with sketch showing 
how electron oscillations take place about a positive grid. 


and equal grid-cathode and grid-plate spacings, the wave length is given 
approximately by the relation 


Wave length in centimeters = 


^Od 

V^o 


(95) 


where d is the diameter of the plate in centimeters and Eg is the grid 
voltage. It is thus apparent that the higher the frequency to be gen¬ 
erated, the greater must be the grid potential and the smaller the dimen¬ 
sions of the tube. 

The efficiency of an electron oscillator is low because of the inherent 
nature of the generating process, with values of 2 or 3 per cent being 
t 3 rpical under favorable conditions. The output power obtainable is 
also low because of the low efficiency and because, with the small dimen¬ 
sions required to generate high frequencies, the allowable power loss at 
the grid (which must absorb most of the tube loss) is relatively small. 
For best output and efficiency it is necessary to adjust carefully the grid 
voltage, negative plate voltage, and cathode temperature in relation to 
the resonant frequency of the external circuit. 

% The resonant circuits used at the extremely high frequencies that can 
be generated by means of electron oscillations ordinarily consist of reso¬ 
nant lines arranged in the form of parallel bars having a length such as to 
give resonance at the desired frequency. 
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Electron Oscillators Employing Magnetron Tubes .—Electron oscilla¬ 
tions can also be, produced by employing a split-anode magnetron tube 
in the circuit of Fig. 115a. Such a tube consists of an axial filament 
surrounded by a cylindrical anode that is split into two halves as shown 
in the figure. When the tube is placed in an axial direct-current magnetic 
field of suitable strength, the electrons that are attracted to the plate are 
deflected by the magnetic field in such a manner as to follow a curved 
path, as shown in Fig. 1156. This gives rise to electron oscillations having 
a frequency corresponding to the time required by an electron to make 
one complete revolution. 

(a) Circuif (b) Clec+ron Pa+h 

Resonanf fine serving 

as tuned circui-h \ ^ - 



Fia. 116.—Circuit of electron oscillator of split-anode magnetron type together with 
electron path. The tube is placed in a magnetic field that is approximately axial. 


The magnetic field required to give best results in an electron oscillator 
of the magnetron type is that which makes the electrons just miss the 
plate surface. This value is given approximately by the relation 


Magnetic field in lines per square centimeter = 



(96) 


where r is the anode radius in centimeters and E is the anode voltage. 
When this magnetic field is employed, the time of flight of an electron 
is such that the wave length of the resulting oscillation is given approxi¬ 
mately by the equation 

Wave length in centimeters = (97) 


Examination of Eq. (97) shows that, in order to obtain very high fre¬ 
quencies, the anode must have a small radius and high electrode voltages 
must be employed. i 

The efficiency of electron oscillators of the split-anode magnetron ' 
type is relatively low, values of 5 to 10 per cent being typical under j 
favorable conditions. The power output obtainable is likewise low, I 
particularly at high frequencies, because of the poor eflSciency and the i 
fact that the small physical dimensions required to generate energy at 
high frequencies limit the permissible power dissipation. The best 
efficiency and power output are obtained when the anode voltage, the 
filament voltage, and the strength of the magnetic field are properly 
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adjusted in relation to the resonant frequency of the external circuit, and 
the tube is tilted slightly with respect to the magnetic jield. 

A# compared with the Barkhausen oscillator, the split-anode mag¬ 
netron is capable of operating satisfactorily at higher frequencies because 
of its simpler structure and great ability to dissipate energy. The mag¬ 
netron also has higher efficiency and hence more output. 

67. The Multivibrator (or Relaxation Oscillator).—The multivibrator 
is a two-stage resistance-coupled ampliffisr in which the voltage developed 
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Fig. 116 . —Circuit of multivibrator together with oscillograms showing the way in which 
the instantaneous grid potential and plate currents vary during the cycle of operation. 


by the output of the second tube is applied to the input of the first tube as 
shown in Fig. 116. Such an arrangement will oscillate because each tube 
produces a phase shift of 180®, thereby causing the output of the .second 
tube to supply to the first tube an input voltage that has exactly the right 
phase to sustain oscillations. 

The operation of the multivibrator can be understood by reference 
to the oscillograms shown in Fig. 1166. Oscillations are started by an 
infinitesimal voltage at the grid of one of the tubes, say a positive potential 
on the grid of tube 1. This voltage is amplified by the two tubes and 
reappears at the grid of the first tube to be reamplified. This action 
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takes place almost instantly and is repeated over and over, so that the 
grid potential of tube 1 rises suddenly to a positive value, while the grid 
potential of tube 2 just as suddenly becomes more negative than cut-off. 
The amplification then ceases, and for the moment one tube is drawing a 
heavy plate current while the other tube takes no plate current. This 
situation is not permanent, however, because the leakage through the 
grid-leak resistances gradually brings the grid potentials back toward 
normal. When this leakage has reached the point where amplification 
is just on the verge of being possible, some infinitesimal voltage will 
change the potentials enough to start the amplification process in the 
reverse direction, t.e., the grid of tube 1 will suddenly become negative 
and the grid of tube 2 positive. This action is exactly the same as the 
initial action except that the relative functions of the two tubes have been 
interchanged. Next the potentials on the two grids gradually die away 
as a result of the action of the grid leaks, just as before, and finally reach 
a point at which the cycle repeats. 

The frequency of the multivibrator oscillation is determined primarily 
by the grid-leak resistance and grid-condenser capacitance, but it is also 
influenced by the remaining circuit constants, the tube characteristics, 
and the electrode voltages. The multivibrator can be adjusted to gen¬ 
erate frequencies ranging anywhere from perhaps 1 cycle per minute to 
the highest frequency at which satisfactory resistance-coupled amplifica¬ 
tion is possible. The usefulness of the multivibrator arises from the 
fact that the wave that is generated is very rich in harmonics, and from 
the fact that the frequency of oscillation is readily controlled. Thus 
injection of an alternating voltage into the multivibrator circuit tends 
to cause the multivibrator to adjust itself to a frequency that is m/n of 
the injected frequency, where m and n are integers. It is possible in, 
this way to use the multivibrator to reduce frequency (f.c., to generatea| 
subharmonic of the injected frequency), and it is entirely practicable tO| 
maintain the control rigidly when n is as large as 10 and m is 1. | 

Problems i 

1. In the Hartley and Colpitts oscillator circuits of Fig. 101, follow through the 
detailed phase relations and show that conditions necessary for oscillation can be 
realized. 

2. In the Colpitts circuit of Fig. 101 explain why it is necessary for the grid-leak 
resistance to go from grid to cathode as shown, instead of being in series with the grid 
as in the other circuits. 

8. When the elec rode voltages are applied to a power oscillator, the oscillations 
start with an infinitesimal amplitude and build up to an equilibrium value. Explain 
what stops this building-up process from continuing indefinitely. 

4. Design the circuits for a power oscillator using a shunt-feed Hartley circuit, 
and the Type 852 tube (Table X, page 158) at a plate potential of 3000 volts. The 
frequency is 5000 kc, a tank-circuit Q of 30 is desired, and the grid and plate connec- 
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tions are to be made to the two ends of the tank circuit. The design includes determi¬ 
nation of tank-circuit inductance and capacitance, grid-leak resistance, a suitable 
grid-condenser capacitance, a suitable inductance for the shunt-feed choke, and 
approximate location of cathode tap to the tank circuit. Neglect the shunt-feed 
choke when determining tank-circuit proportions. 

5. In a properly adjusted oscillator, increasing the load resistance normally coupled 
into the tank circuit will increase the d-c plate current very greatly, while causing the 
d-c grid current and the a-c current in the tank circuit to decrease slightly. Explain. 

6. In a power oscillator it is desired to increase the efficiency of operation by 
reducing the fraction of the cycle during which plate current flows. What adjust¬ 
ments would be made? 

7. In a Hartley oscillator adjusted for good efficiency it is found that when the 
resonant frequency of the tank circuit is changed by varying the tank-circuit capaci¬ 
tance while leaving all other adjustments fixed, the tank-circuit current is inversely 
proportional to frequency. Explain why this is. 

8 . A tuned circuit that has its resonant frequency varied by means of a variable 
condenser is loosely coupled to the tank circuit of an oscillator. The condenser 
adjustment that makes the resonant frequency of the circuit th4 same as the frequency 
of oscillations is indicated by a slight jump in the d-c plate current of the oscillator. 
Explain. 

9. a. What sort of behavior in a power oscillator would lead one to suspect that 
the minimum plate potential was too large? 

h. What adjustments could be made in the connections between tank circuit and 
tube that would reduce the minimum plate potential? 

10. It is sometimes said that the frequency stability of an oscillator is improved by 
increasing the reactive energy circulating in the tank circuit in proportion to the 
power output. Demonstrate that this \a equivalent to saying that an increase in the 
tank-circuit Q improves the frequency stability. 

11. In a master-oscillator power-amplifier arrangement, explain how changes in 
load conditions in the plate circuit of the power amplifier can affect the oscillator to 
some extent as long as the grid of the amplifier is driven positive. 

12. In an electron-coupled oscillator explain why the frequency ceases to be 
independent of the load impedance in the plate circuit when this impedance is great 
enough to make the minimum plate ♦voltage very low. 

18. a. By means of the equivaleni electrical circuit of the quartz crystal, demon¬ 
strate that when a crystal is used in the oscillator circuit of Fig. 108a the frequency 
of oscillation can be varied slightly by means of a variable condenser in shunt with the 
crystal. 

b. Calculate the change produced in resonant frequency of the crystal circuit 
LCCIf in Fig. 1076 when a capacitance of 10 fxfif is shunted across the crystal of 
Table XII. 

14. In the crystal oscillator of Fig. 108o it is found that the following behavior is 
observed as the capacitance of the plate tuned circuit is increased from its minimum. 
First there are no oscillations, followed by oscillations that gradually increase in 
intensity and reach a maximum just before resonance with the crystal oscillations is 
reached. The oscillations then suddenly stop as the plate tuned circuit becomes 
resonant at the oscillation frequency and do not reappear with further increase in 
capacitance. Explain this behavior. 

16. Elxplain how parasitic oscillations can exist in a triode amplifier employing 
the Rice S3rstem of neutralization (see Fig. 746). 

16. Is it possible for parasitic oscillations to exist in a tuned-grid-tuned-plate 
oscillator? Explain. 
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17 . In a particular power amplifier it is found that parasitic oscillations can be 
stopped by making the plate lead long, whereas a long grid lead makes the parasitics 
worse. Explain. 

18 . Explain qualitatively the physical reason why the wave length of a Bark- 
hausen oscillation varies with d and Eg as given by Eq. (95). 

19 . In an electron oscillator of the magnetron type, explain why the axial length 
of the tube in the direction of the filament has no effect on the frequency of oscilla¬ 
tion even though a longer tube has more interelectrode capacitance. 

20 . In a multivibrator oscillator the frequency is reduced by making the grid- 
leak resistance or the coupling-condenser capacitance greater. Explain the reason for 
this behavior. 



CHAPTER VIII 


MODULATION 

68. Waves with Amplitude Modulation. —In all the commonly used 
systems of radio communication the information is transmitted by vary¬ 
ing the amplitude of the radiated waves, as explained in Sec. 5 and illus¬ 
trated in Figs. 2 and 3. Communication carried on in this way is said 
to take place by means of amplityde modulation, and the equation of the 
envelope of the modulated wave represents the equation of the informa¬ 
tion actually transmitted. If the envelope variations of the modulated 
wave exactly reproduce the original variations in sound pressure, light 
intensity, etc., these variations are transmitted without distortion. 
Otherwise the information contained in the modulation envelope is not 
exactly the same as the original. 

Analysis of Modulated Wave ,—It was shown in Sec. 3 that a modulated 
wave consists of a carrier wave and a number of side-band components. 
The carrier wave represents the average amplitude of the envelope. Since 
this is the same irrespective of the presence or absence of modulation, the 
carrier wave transmits no information. The information is carried by 
the side-band frequencies, which can be thought of as being generated 
by the process of varying the amplitude of the radio-frequency wave. 

The nature of a modulated wave can be determined by writing down 
the equation of the envelope. The average value that results is the 
carrier, and each sinusoidal conjponent of the envelope gives rise to a 
pair of side-band frequencies that are respectively greater and less than 
the carrier frequency by the corresponding envelope frequency. The 
amplitude of each side-band component is oncvhalf the corresponding 
envelope component. Thus a modulated wave having an envelope given 
by the equation 

Envelope amplitude = 100 + 50 sin 27r/i + 20 sin 27r/2 

consists of a carrier wave having a crest value of 100 volts, a side band 
having a crest amplitude of 25 volts and a frequency that is /i cycles 
greater than the carrier frequency, a companion .side band of the same 
amplitude but of frequency/i cycles less than the carrier frequency, and a 
second pair of side-band components, each of 10 volts amplitude and hav¬ 
ing frequencies /2 cycles more and /2 Cycles less than the carrier frequency. 

Side Bands Required in Telegraph and Telephone Transmission ,—In 
the transmission of telegraph signals by the Continental Morse Code it is 
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possible to operate telegraph relays provided each side band has a width 
of 0.131 cycle per letter transmitted per minute.^ Thus transmission 
at the rate of 100 letters per minute can be carried on using side bands 
which extend only 13.1 cycles on each side of the carrier frequency. 

In the transmission of speech and music of good quality, side-band 
components extending from 5000 to 8000 cycles on each side of the carrier 
frequency must be employed. Such a band provides for the transmission 
of audio-frequency sounds having pitches up to 5000 to 8000 cycles. 
While frequencies up to approximately 15,000 cycles are audible, these 
higher pitch sounds are not essential for reasonably satisfactory results. 
Understandable speech requires the reproduction of all frequencies from 
about 250 to 2700 cycles, or side-band frequencies ranging from 250 to 
2700 cycles above and below the carrier frequency. 

Degree of Modulation .—The extent of the amplitude variations in a 
modulated wave is expressed in terms of the degree of modulation. For 
sinusoidal variation, as illustrated by Fig. 3, 

(average envelope) _ (minimum envelope 
Degree of ) _ _ ( amp lit ude / \ ampli tude 

modulation/ average envelope amplitude 

When the envelope variation is not sinusoidal, it is necessary to define 
the degree of modulation separately for the p(‘aks and troughs of the 
envelope, according to the equa¬ 
tions given in Fig. 117. 

The degree of modulation is 
also sometimes expressed as a 
percentage. Thus m = 0.50 cor¬ 
responds to 50 per cent modulation. 

When the degree of modulation is 
1.0 (or 100 per cent) as in Fig. 3c, 
the amplitude variations carry the 
envelope amplitude to zero during 
the troughs of the modulation 
cycle. The modulation is then 
complete, f.c., the envelope varia¬ 
tions have their maximum possible value. 

69. Plate-modulated Class C Amplifiers. —A plate-modulated ampli¬ 
fier consists of an ordinary Class C amplifier in which the plate voltage is 
varied in accordance with the desired modulation envelope. When 
properly adjusted, such an arrangement will develop an output voltage 
almost exactly proportional to the plate voltage and so will reproduce the 

^ This figure represents the minimum side band that can be used. Under ordinary 
conditions a band width several times as large is required. 



Negativc-peak(ortrouqh) Eo"^min. 
modulation ~ F 
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Fkj. 117.—Unsymmetrically modulated 
wave and equations giving peak and trough 
modulation. 







220 


FUNDAMENTALS OF RADIO 


[Chap. VIII 


desired modulation. The variation in plate-supply voltage is obtained 
by coupling a power amplifier tube, or modulator, to the plate circuit of 
the Class C tube, as illustrated in Fig. 118. 

Factors Infiueucing Distortion in Plate-modulated Class C Amplifiers .— 
The radio-frequency amplifier of a plate-modulated arrangement is 
designed, adjusted, and operated in much the same manner as an ordinary 
Class C amplifier. Substantially distortionless modulation is obtained 
by adjusting the exciting voltage and tank-circuit impedance so that at 
the crest of the modulation cycle, when the voltage applied to the plate 
is twice the direct-current plate voltage, the minimum instantaneous 
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Fig. 118 . —Circuit diagrams for plate-modulated Class C amplifiers. For the sake of 
simplicity the neutralizing arrangement for the modulated amplifier is omitted. 

plate potential reached during the cycle of radio-frequency voltage, 
will be small. During the remainder of the modulation cycle the exciting 
voltage will then be more than adequate to make the minimutn plate 
potential small, and the radio-frequency voltage developed in the output 
will follow the plate voltage very closely, as shown by curve b in Fig. 119a. 
It will be noted that this adjustment corresponds to somewhat greater 
exciting voltage in proportion to load impedance than would be used if 
the tube were adjusted as a simple Class C amplifier for a plate potential 
corresponding to the direct-current plate voltage. If this were not so, 
there would be a tendency for the output to flatten off at the peaks of the 
modulation cycle, as shown by curve c of Fig. 119a. 

The linearity of modulation can be improved somewhat by exciting 
the Class C tube by a radio-frequency voltage that has rather poor regula¬ 
tion. In this way the reduction in grid current that occurs at^the crest 
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of the modulation cycle because of increased minimum plate voltage 
causes the exciting voltage to increase just when more excitation is needed 
to help carry the peaks and prevent a flattening off such as exhibited by 
curve c in Fig. 119a. The use of a grid-leak bias for the Class C tube 

(a) Linearity Curves of Plate-modulated Class C Amplifiers 
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Fiq. 119 . —^Linearity curves and voltage and current relations of plate-modulated 
Class C amplifier. Note that to prevent flattening of the output at the modulation peaks 
the adjustment should be such that the minimum instantaneous plate potential Erain is 
small at the crest of modulation. The voltage and current relations show that the increase 
of exciting voltage at the peaks of modulation caused by poor regulation, and the simul¬ 
taneous reduction of grid bias that occurs with grid-leak bias, both help to prevent flattening 
of the modulation peaks. 

contributes to the same end by reducing the bias at the modulation peaks 
and hence increasing the amount the grid is driven positive at this part 
of the modulation cycle. 

Oscillograms showing the voltage and current relations in a properly 
adjusted plate»modulated Class C amplifier are shown in Fig. 1196. 
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Power and Modulator Considerations. —When a plate-modulated Class 
C amplifier is properly adjusted, the plate current of the modulated tube 
is almost exactly proportional to the voltage that is applied to the plate. 
To the extent that this is true, the Class C tube offers to the modulating 
voltage a load resistance that is equal to the ratio Ei/Ih, where Eh is the 
plate-supply voltage and /& is the d-c plate current in the absence of 
modulation. The degree of modulation is determined by the alternating 
voltage developed by the modulator across this load impedance. For 
100 per cent modulation the crest modulating voltage must equal the 
plate-supply voltage, and this makes the modulating power equal to 
{EbIb)/% or exactly one-half the direct-current power which the source 
of direct-current plate voltage is called upon to supply. For lesser 
degrees of modulation the modulating power will be proportional to the 
square of the degree of modulation. The power relations that exist in a 
plate-^modulated Class C amplifier can hence be summarized by stating that 
the power required to generate the carrier wave is supplied from the direct- 
current plate voltage supplyy whereas the power required to generate the 
side-hand components of the modulated wave must be supplied from the 
output of the modulator. 

The power that the modulator must deliver becomes large in the case 
of high-power modulated Class C amplifiers. Thus if a 10-kw carrier is 
to be modulated 100 per cent and the plate efficiency is 66.7 per cent, the 
direct-current plate power required is 15 kw, and the modulator power 
output is half of this or 7.5 kw. If the degree of modulation is less than 
100 per cent, the demand made upon the modulator is correspondingly 
less, but so is the side-band energy generated. 

The modulator may be a Cla?s A, Class AB, or Class B power ampli¬ 
fier. Transformer coupling, as illustrated in Fig. 1186 is used with Class 
AB, Class B, and push-pull Class A power amplifiers, whereas either 
transformer coupling or the direct-coupled circuit of Fig. 118a may be 
employed when a single-ended Class A modulator is to be used. If 100 
per cent modulation is to be obtained with direct coupling, it is necessary 
to place a voltage-dropping resistance in series with the plate of the Class 
C tube so that the direct-current plate potential of this tube will be only 
60 to 80 per cent of the voltage at the plate of the modulator. This is 
because the crest voltage that can be developed in the plate circuit of a 
Class A power tube does not exceed 60 to 80 per cent of the plate-supply 
voltage. The voltage-dropping resistance must be by-passed by a con¬ 
denser having negligible reactance at the modulating frequency. 

The plate eflBiciency of the Class C tube in a plate-modulated amplifier 
is the same as in any other Class C amplifier and so is of the order of 60 
to 80 per cent. The plate efficiency of the modulator depends upon the 
type of power amplifier employed and will range from perhaps 30 per 
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cent in the case of Class A operation to perhaps 60 per cent with 
Class B. 

With Class A and Class AB modulators, the low plate efficiency makes 
it necessary to install more tube capacity for the modulator than for the 
Class C amplifier. Even with Class B modulators it is necessary to 
provide nearly as much allowable plate dissipation in the modulator tubes 
as in the Class C amplifier. 

Tubes and Tube Operating Conditions. —Plate-modulated amplifiers 
use the same triode tubes commonly employed in triode Class C ampli¬ 
fiers. In selecting operating conditions for the tubes it is necessary to 
keep in mind, however, that the plate potential, plate current, and plate 
dissipation are greater at the crest of the modulation cycle than for 
unmodulated conditions. Hence, the rated operating conditions based 
upon unmodulated conditions must necessarily correspond to rather con¬ 
servative operation for the same tube used as a simple Class C amplifier. 

Pentode and screen-grid tubes are sometimes plate modulated, 
although the linearity of modulation tends to be poor. When such tubes 
are employed it is helpful to modulate the screen voltage as well as the 
plate voltage. 

Practical Design and Adjtistment of Plate-modulated Amplifiers. —In 
laying out a plate-modulated Class C amplifier one normally has available 
the manufacturer\s data on typical operating conditions for the unmodu¬ 
lated conditions of the Class C tube, as given in Table XIII. This 
simplifies the problem of determining what tube should be used to develop 
the required carrier, and makes it possible to design the tank circuit and 
other circuit details, following the procedure outlined for Class C ampli¬ 
fiers in Sec. 57. A knowledge of the approximate operating conditions 
for the Class C tube also gives the modulating power required and the 
load impedance to which the modulator must deliver this power. This 
makes it possible to select suitable modulator tubes and to design the 
coupling system between tlie Class C amplifier and the modulator. 

In placing a plate-modulated Class C amplifier in actual operation, 
the first step consists in adjusting the Class C tube so that it realizes 
the operating conditions specified by the tube manufacturer as suitable 
for the unmodulated intervals. This is done exactly as in the case of an 
ordinary Class C amplifier. A modulating voltage is then applied and the 
resulting linearity of modulation determined either by a cathode-ray 
tube as described below, or by a modulation meter. If the modulation 
fails to be linear up to complete modulation as a result of flattening of 
the positive peaks, the probable cause is either insufficient radio-frequency 
exciting voltage for the Class C tube, or a tank circuit with too low an 
impedance, as explained in connection with curve c of Fig. 119a. With 
proper adjustment of the Class C tube, the only other causes of non- 
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linearity are distortion in the modulator tube, and feedback of radio¬ 
frequency energy from the modulated output of the Class C tube to a 
lower-level point where there is no modulation. Feedback gives trouble 
because the modulation of the output wave causes the amount of feedback 

Table XIII. —Characteristics of Representative Tubes Used in Plate- 
modulated Class C Service 


Type 

Filament 

Method 

of 

cooliiiig 

M 

Allow¬ 

able 

plate 

loss. 

watts 

Typical operating conditions for unmodulated 
intervals 

E/ 

volts 

// 

amp. 

1 

Type 

Plate 

volt¬ 

age 

Con¬ 

trol- 

grid 

volt¬ 

age 

Peak 

signal 

volt¬ 

age 

Plate 

cur¬ 

rent, 

ma 

Grid 

cur¬ 

rent, 

ma 

I 

Driv¬ 

ing 

power, 

watts 

Out¬ 

put, 

watts 

800 

7.6 

3.25 

Thor- 

iated 

Air 

15 

23 

1000 

- 200 

1 

325 

' 70 

16 


60 

211 

10 

3.26 

Thor- 

iated 

Air 

12 

67 

1000 

- 260 

410 

150 

35 

14 

100 

204A 

11 

3.86 

Thor- 

iated 

Air 

23 

167 

2000 

- 250 

* 500 

250 

36 

20 

360 

1500 

- 200 

450 i 

250 

35 

20 

225 

S51 

11 

15.6 

Thor- 

iated 

Air 

1 

20.5 

600 

1 

2000 

- 300 

525 

850 

125 

66 

1260 

1500 

- 250 

475 

900 

150 

76 

900 

207 

22 

62 

Tung¬ 

sten 

Water 

20 

6600 

6000 

-1200 

1860 

760 

150 

280 

3500 

10,000 

-2000 

2660 

750 

70 

185 

6000 

802 

33 

207 

Tung¬ 

sten 

Water 

and 

forced 

air. 

48 

60,000 

8000 

- 700 

1700 

4000 

1000 

1700 

24,000 
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to vary during the modulation cycle. Distortion in the modulator tube 
may affect either the positive or negative peaks of modulation, or both. 
Modulator trouble can be checked by observing the wave shape of the 
voltage applied to the plate of the Clavss C tube, using a cathode-ray 
oscillograph. 

70. Grid-modulated Class C Amplifiers. —In this method of modula¬ 
tion the output of a Class C amplifier is controlled by varying the grid 
bias of the tube. A suitable circuit arrangement is shown in Fig. 120a 
and consists of an ordinary Class C amplifier in which the effective bias 
voltage consists of a direct-current component upon which is superim¬ 
posed the alternating modulating voltage. With proper circuit propor¬ 
tions the radio-frequency output voltage of such an arrangement can 
be made to vary almost linearly with changes in the effe<jtive bias. 
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For proper operation of a grid-modulated amplifier, the conditions 
at the crest of the modulation cycle should correspond to ordinary Class C 
operation, with a minimum instantaneous plate potential JSJmin preferably 
somewhat smaller than customary in Class C amplifiers. The only 
other special consideration is that it is desirable to operate with less grid 
current than is customary with Class C amplifier operation. Grid current 
tends to make the radio-frequency exciting voltage drop off at the peaks 
of modulation and also flattens the positive peaks of the alternating- 
current modulating voltage. These actions cooperate to flatten the 
positive peaks of modulation and repre¬ 
sent the principal cause of nonlinearity fa) c;rcui+for Grid-modulci4'ed 

, f -IT, Class C Amplifier 

in the modulation process, provided the 
conditions at the crest of the modulation 
cycle make the instantaneous minimum 
plate potential small.^ 

In laying out a grid-modulated Class 
C amplifier, a tube is chosen such that 
the normal Class C amplifier rating is at 
least four times the desired carrier power. 

This is so that the tube will be able to 
handle the crest of the modulation cycle, 
when the power output is four times the 
carrier power. The tube is then adjusted 
for conditions at the crest of the modula¬ 
tion cycle as described in Sec. 57, in the 
same manner as any other Class C ampli¬ 
fier, using data supplied by the tube 
manufacturer as a guide. In doing this it 
is desirable to favor operation with the (d) Grid Current 
grid driven no farther positive than _ 



absolutely necessary, and to have the 
highest tank-circuit impedance posvsible 
with reasonable power output and low 


Firt. 120.—Circuit of grid-modu¬ 
lated Class C amplifier, together with 
oscillograms showing details ol 
operation. 


grid current. 

The crest modulating voltage and direct-current grid bias can be 
determined from the grid bias corresponding to the crest of the modulation 


cycle and the grid bias required to make the radio-frequency output 
voltage approach zero. The latter can be determined experimentally by 
making the grid more negative without changing the excitation, until the 


^ In cases where low distortion is very important, as in broadcast transmitters, the 
grid is sometimes not driven positive at all. This improves the linearity of modulation 
but results in very low power output from the tube in comparison with the output 
obtained when the grid is driven moderately positive. 
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output drops to zero, or can be calculated.^ The proper direct-current 
bias is the average of the bias voltages for these two conditions, and the 
crest modulating voltage is half the difference of the two bias voltages. 

Final adjustment of a grid-modulated Class C amplifier is obtained 
by applying the proper alternating-current modulating voltage and 
observing the linearity of the resulting modulation, using a modulation 
meter or cathode-ray tube. If the output voltage varies with modulation 
as shown at b in Fig. 121, either the minimum plate potential at the 
crest of the modulation cycles is too large, in which case the effective 
impedance offered by the tank-circuit impedance should be increased, or 
there is distortion in the source of modulating voltage. On the other 
hand, flattening of the positive peaks of modulation, as indicated by c 
in Fig. 121, is ordinarily caused by grid current at the peak of the modula- 



Instantancous Grid Potential 

Fia. 121.— Types of non-linearity that can occur in a grid-modulated amplifier. 

tion cycle reducing the exciting voltage and flattening the positive peak 
of the modulating voltage. The remedy for this is either operation so 
there is less grid current at the modulation peaks or better regulation 
of radio-frequency exciting vollj^ge and modulating voltage, or both. 

The grid-modulated Class C amplifier requires very little modulating 
power but has the disadvantage'of low average plate efficiency. This is 
because the crest alternating voltage between cathode and plate must 
have a value less than half the plate-supply voltage during unmodulated 
intervals if this alternating voltage is still to be less than the plate-supply 
potential at the crest of the modulation cycle. As a consequence, the 
plate efficiency during unmodulated conditions is only half as great as 
for an ordinary Class C amplifier, or between 30 and 40 per cent. The 

^ The bias required to cut off the output with triode tubes can be calculated by the 
formula 

Bias voltage for reducing the output of triode to zero) = 

where E, is the crest exciting voltage, Et, is the plate-supply potential, and ^ is the 
amplification factor of the tube. 
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linearity of a grid-modulated Class C amplifier is also poorer than for 
the plate-modulated Class C amplifier unless the adjustment is such 
that very little output power is obtained. 

High-efficiency Grid-modulated Amplifier .—The poor plate efficiency 
of the ordinary grid-modulated amplifier can be overcorne by the arrange¬ 
ment of Fig. 122.^ This is similar to,the high-efficiency linear amplifier 
circuit of Fig. 99 except that the tubes are now excited by an unmodulated 
carrier wave upon which modulating voltages are superimposed. Ampli¬ 
fier tube Ai is operated as an ordinary grid-modulated tube, adjusted so 
that with no modulation and the second tube inoperative the minimum 
plate potential will be small. The second tu])e A 2 is biased so that it 
delivers output only on the positive half cycles of modulation. The 
modulating voltage is apjdied to the grids of the two tubes in the same 



Fio. 122.—Schematic circuit diagram of high-efficiency grid-modulated amplifier. 

phase. With high-mu triodes, screen-grid tubes, and pentodes, the same 
modulating voltage is rt'quired for both grids, whereas with triodes having 
moderate or low amplification factors the grid of tube A 2 requires less 
modulating voltage than does 'tube Ai. In any case, the adjustments 
should be such that at the positive crevsts of the modulation cycle the 
two tubes arc developing substantially equal outputs. 

The efficiency of the arrangement of Fig. 122 is high for the same 
reason that the linear amplifier of Fig. 99 has high efficiency. Under 
practical conditions the efficiency that can be realized is 60 to 80 per 
cent, which is nearly twice that for an ordinary grid-modulated amplifier 
and about 10 per cent higher than obtainable for the high-efficiency ampli¬ 
fier of Fig. 99. 

71. Miscellaneous Modulation Methods. Suppressor-grid Modula¬ 
tion .—This method of modulation makes use of a pentode tube adjusted 
to operate as a Class C amplifier. Modulation is accomplished by apply- 

1 This system of high-efficiency grid modulation was worked out by the author 
with the aid of Mr. John R. Woodyard, graduate student at Stanford University. 
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ing to the suppressor grid the modulating voltage superimposed upon 
a suitable negative bias, as illustrated in Fig. 123. This arrangement 
takes advantage of the tact that as the suppressor grid is made negative, 
a virtual cathode forms in front of the suppressor. The combination 
of virtual cathode, suppressor, and plate then functions as a triode, as 
illustrated in Fig. 42. The result is that variation of the suppressor 
voltage will control the radio-frequency output in much the same manner 
that grid modulation is accomplished. 

The suppressor-grid-modulated amplifier is similar to the control- 
grid-modulated amplifier with respect to modulating power required, 
efiiciency, and output power obtainable. The linearity of modulation 
is usually somewhat poorer, however. 

The high-efficiency modulation system of Fig. 122 can be readily 
adapted to suppressor-grid modulation by making obvious modifications. 



Fio. 123,—Circuit of suppressor-grid-modulated amplifier. 


This avoids the poor efficiency and small power output of suppressor- 
grid modulation, while retaining.the advantage of low modulating power. 

The van der Bijl Modulated Arfiplifier .—This modulated amplifier con¬ 
sists of an ordinary power amplifier, to the grid of which are applied a small 
radio-frequency carrier voltage and a large modulating voltage. Because 
of the curvature of the plate-current-grid-voltage characteristic, the 
amplification of the small carrier voltage depends upon the amplitude 
of the modulating voltage, thus causing the amplified output to be the 
desired modulated wave. The detailed mechanism by which the modula¬ 
tion is produced is shown in Fig. 124. 

Plate^odulated Oscillator .—In this method of modulation advantage 
is taken of the fact that, in an oscillator adjusted to operate at good 
efficiency, the alternating voltage developed across the tank circuit is 
almost exactly proportional to the plate potential as explained in Sec. 62 
and illustrated in Fig. 126. It is hence possible to modulate the out¬ 
put of such an oscillator by superimposing the modulating voltage upon 
the plate-supply potential as in the case of plate-modulated Class C 
amplifiers. 
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The power relations existing in a plate-modulated oscillator are similar 
to those of the plate-modulated Class C amplifier. The source of d-c 
plate voltage is hence called upon to supply the power for generating the 
carrier, and the modulator must deliver sufficient power to generate the 


(a) Circuit of vein der Bijl 
Modulated Amplifier 

Load impedance fo modulated^ 
Wa\/e --, I 



P/afe- 

voltage 


I Bias voltage I 

Signal voltage. 

(c) Modulated Wave Contained 
in Plate Current 



(b) Details of ModulationOperation 

Plate current flowing when signal 
and carrier are both applied to grid 



Tube 
character 
is tics 


Grid 

voltage 


""Carrier voltage 
applied to grid 

~—Signal voltage 
applied to grid. 

^Voltage actually 


Fig. 124.—Circuit of van der Bijl typo of modulated amplifier, together with oscillo¬ 
grams showing details of operation. The curvature of the grid-voltage-plate-current tube 
characteristic causes the amplification of the carrier to depend upon the grid potential, 
which in turn varies in accordance with the modulating voltage. 



Fig. 126.—Plate and resonant-circuit currents as a function of plate-supply voltage in 
a typical oscillator having grid leak and condenser, and adjusted for efficient operation. 
The tank-circuit current is seen to be almost exactly proportional to the plate voltage, so 
that the oscillations can be modulated by varying the plate-supply voltage about the aver¬ 
age value Eh as shown in figure. 

side-band energy. The plate efficiency is the same as that of an ordinary 
oscillator and so commonly ranges from 60 to 80 per cent. 

The linearity of a properly adjusted plate-modulated oscillator is 
practically perfect. The only special precaution required to obtain good 
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linearity, other than arranging the tube to operate at high plate efficiency, 
is to employ a small enough grid condenser so that the grid bias is capable 
of following the modulation at the higher modulation frequencies. What 
distortion occurs is usually produced by the modulator. 

The chief limitation of the plate-modulated oscillator arises from the 
fact that the frequency generated by ordinary oscillators depends some¬ 
what upon the pla^e-supply voltage. The carrier frequency generated 
by a plate-modulated oscillator therefore tends to vary with the modula¬ 
tion, introducing frequency modulation (see Sec. 75). As a result, the 
plate-modulated oscillator, which was once the universally used method 
of modulation, is now employed only under special circumstances. 

72. Carrier-suppression and Single-side-band Systems of Com¬ 
munication. —The carrier component of a modulated wave is not affected 
in any way by the presence or absence of modulation and so contains no 
part of the information being transmitted. The carrier wave can there¬ 
fore be suppressed at the transmitter by some arrangement such as the 



Signal 
volfqc 

Inpof / 
tmnsfbrmer 
wifh center tapped 
secondary 


I Output 
W icorifai ninQ 
\ no carrier) 
Output 
transformer 
with center-- 
tapped primary 


Fio. 126 .—Balanced-modulator circuit arranged to suppress the carrier wave from the 
output without alternating the side bands. 


balanced modulation circuit shown in Fig. 126. Here the carrier voltage 
is applied to the two van der Bijl modulated amplifiers in the same phase 
as shown, while the modulating voltage is applied in opposite phase to 
the two grids by means of the center-tapped transformer. The outputs 
in the plate circuits of the two tubes are combined through a trans^former 
with a center-tapped primary in such a way that voltages applied to the 
two grids in the same phase cancel each other in the output, while voltages 
applied to the two grids 180° out of phase will add in the output. The 
result is that the carrier voltage, which is applied to the two tubes in 
the same phase, does not appear in the secondary of the output trans¬ 
former, whereas the side-band components, which are produced in oppo¬ 
site phase, are added to give an output that is a modulated wave from 
which the carrier component has been removed. 

Since each side band taken alone contains all the information present 
in a modulated wave, it is possible to carry on communication by trans¬ 
mitting only a single side band and by suppressing the carrier and other 
side band at the transmitter. The single side band is obtained by first 
suppressing the carrier by some such arrangement as shown in Fig. 126 
and then passing the resulting side bands through filter circuits that are 
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sufficiently selective to transmit one side band while suppressing the 
other. 

The single-side-band system of communication is able to transmit a 
given signal with a frequency band only half as wide as that required by 
a modulated wave consisting of two side bands and a carrier, and also 
saves over two-thirds in power because of the suppression of the carrier. 
Single-side-band transmission is extensively used in carrier-current 
communication over wire lines, but the difficulty of producing large 
amounts of single-side-band power at radio frequencies, and the difficulty 
of receiving the signals, have prevented single-side-band transmission 
from being standard practice in radio work. 

73. The Use of Feedback in Modulation Systems. —The linearity 
of any modulation system can be greatly improved by making use of a 



Fio. 127.—Negative feedback as applied to a grid-modulated amplifier. 

modified form of negative feedback. This is illustrated in Fig. 127 as 
applied to a grid-modulated amplifier. Here a portion of the modulated 
output is rectified in order to obtain a pulsating current that reproduces 
the modulation envelope.^ The audio-frequency component of this 
rectified current is then separated from the direct-current component 
and fed back into the audio amplifier with a polarity that, in the middle- 
frequency range, is negative with respect to the audio signal being ampli¬ 
fied. The resulting effect is similar to that obtained by the use of negative 
feedback in audio-frequency amplifiers. That is, the non-linear and 
frequency distortion and hum of the modulation envelope are greatly 
reduced, particularly if the feedback is large. 

The use of negative feedback in this manner makes it possible to adjust 
a modulated amplifier on the basis of good efficiency, large output, etc., 
while allowing the linearity of modulation to be a secondary factor. The 

^ The rectifier must be designed according to the principles discussed in Sec. 77 in 
order to avoid distortion in the rectified output. 
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feedback is then utilized to eliminate whatever non-linear distortion 
would otherwise be present in the modulation envelope. 

In the application of feedback to modulation systems it is necessary 
to keep in mind that the radio-frequency circuits shift the phase of the 
modulation .envelope in the same manner that audio-frequency circuits 
shift the phase of the audio-frequency currents. It is hence advisable 
to feed back from the output of the modulated amplifier to the input of 
the modulator stage. Under these conditions little trouble with oscilla¬ 
tions need be expected. However, when attempts are made to include 
an additional radio-frequency or audio-frequency stage in the feedback 
loop, there is considerable likelihood of oscillation unless the feedback is 
quite small or unless special design procedures are devised. 

74. Experimental Determination of Modulation Linearity.—The 
linearity of modulation that is actually obtained under practical working 

conditions can bfe determined by 
modulating with a sine-wave voltage 
and observing the resulting modula¬ 
tion envelope by means of a cathode- 
ray tube, or by measuring the degree 
of modulation at the positive and 
negative peaks with a modulation 
meter. The cathode-ray tube is less 
accurate but, because of its availa¬ 
bility, is ordinarily used for the 
general run of adjustments. 

The simplest method of using a 
cathode-ray tube is to apply the 
modulating voltage to the horizontal 
deflecting plates and the modulated 
output voltage to the vertical deflec¬ 
tors. If the modulation is distor¬ 
tionless and without phase shift, the resulting pattern is a trapezoid with 
straight sides, as indicated in Fig. 128a, with the degree of modulation 
determined by the ratio of the vertical sides, as indicated in the figure. 
Overmodulation, i,e,j modulation to the point where the output is reduced 
to zero for an appreciable part of the cycle, is indicated by the pattern 
shown at Fig. 1286. Amplitude distortion causes the sides of the trape¬ 
zoid to become curved as in Fig. 128c, with the nature of the curvature 
usually indicative of the source of the distortion. A shaded ellipse as 
in Fig. 128d indicates a phase shift between the modulation envelope 
and the modulating voltage and does not necessarily mean distortion. 

In the absence of a modulation meter or cathode-ray tube, a rough 
idea as to the linearity of the modulation may be obtained by taking 


(a) Distortionless 
Modulation 



(c) Amplitude 
Oistorfion 



(b) Overmodu- 
lation 


(d) Phase Shift 
Between Signal 
Voltage ana Mod¬ 
ulation Envelope 



Fio. 128.—Pat terns obtained under 
various conditions from a cathode-ray 
tube in which the modulated wave i^ 
applied to the vertical deflector plates 
and the signal voltage to the horizontal 
deflectors. 
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advantage of the fact that, when the modulatio n is distortionless, th e 
d"C plate current of most types of modulators is substantially independent 
of the degree of modul ation, whereas distortion i s usually accompanied 
by a change in the d-c current when modulation is applied. The per¬ 
centage of modulation can also be estimated for sinusoidal modulation 
by taking advantage of the fact that the effective value of a sinusoidally 

modulated wave is proportional to ^ /1 + and so with complete modu- 


modulated wave is proportional ^ 1 + “^ with complete modu¬ 

lation is 1.225 times the unmodulated value when distortion is absent. 

76. Frequency and Phase Modulation.—Frequency modulation is 
produced by varying the frequency of the radio-frequency wave in accord¬ 
ance with the information to be ^ 


transmitted, while maintaining the 
amplitude constant. The extent 
of the frequency variation in such 
a wave is made proportional to the 
amplitude of the modulating volt¬ 
age, whereas the rate of frequency 
variation, i.e.j the number of times 
the frequency is changed between 
the minimum and maximum values 
per second, corresponds to the 
modulation frequency in amplitude 
modulation. Thus, if a 500-cyclc 
wave is to be transmitted by fre¬ 
quency modulation of a 1,000,000- 
cycle carrier wave, this could be 
done by varying the transmitted 
frequency between 1,000,010 and 


01 Amplitude-modulated Wave 


b Same Infbrmofibn Transmitted by Frequency- 
modulated Wove 



c Single Cycle of Frequency-modulated W;ive foran Instant 
When the Frequency is Increasing 


cycle carrier wave, tnis couia oe 5/w wave \ \ j 

done by varying the transmitted 

frequency between 1,000,010 and Fio- 129 — Character of waves produced 
1 (rrvrt x* j by frequency modulation, together with 

999,990 cycles, 500 times a second, large-scale reproduction of a single cycle, 
If the modulating frequency is showing how the wave shapes are not 

increased to 1000 cycles, the car- 

rier frequency will be varied between the same two limits 1000 times 
a second. Furthermore, a modulating wave of twice the intensity will 
be transmitted by varying the carrier frequency through twice the fre¬ 
quency range, t.e., from 1,000,020 to 999,980 cycles in the above case. 
The appearance of a frequency-modulated wave is shown in Fig. 1296. 

Analysis of the Frequency-modulated Wave .—A superficial examination 
of frequency modulation might lead one to believe that information 
could be transmitted in this way with an extremely narrow frequency 
band, since in the case cited above it appears that only 20 cycles band 
width is required to transmit the 500-cycle wave. This is not correct, 
however, because the variation in the frequency prevents the individual 
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cycles from being exactly sinusoidal in shape. This is illustrated in 
Fig. 129c, where it is apparent that, since the changing frequency causes 
the time required to complete one quarter cycle to differ from the time 
required by the next quarter cycle, the actual wave is not a sinusoidal 
oscillation. In fact, exact analysis shows that the frequency-modulated 
wave not only contains the same side-band frequencies as does the cor¬ 
responding amplitude-modulated wave, but also has higher-order side 
bands that differ from the carrier frequency by integral multiples of the 
modulation frequency. Thus, when a carrier wave of frequency / is 
frequency modulated at a rate of F cycles per second, the resultant wave 
contains components having frequencies of / ± F, / ± 2F, / ± 3F, etc. 

The ratio of the amplitudes of the various side-band components to 
the amplitude of the unmodulated carrier is determined by the modulation 
index m/, which is defined as 

(Variation in carrier frequency away\ 

Modulation) _ (from ave ra ge c a rrier freque ncy _/ . . 

index rrif / Modulating frequency ^ 

The amplitudes of the first-, second-, and third-order side-band com¬ 
ponents, i.e., the side bands that differ from the carrier frequency by 
F, 2F, and 3F, are given in Fig. 130. These curves show that, when 
the modulation index rrif is less than 1, i.c., when the range through which 
the frequency is varied is less than the audio frequency, the amplitude 
of the first-order side band is approximately proportional to the modula¬ 
tion index, while the higher-order side bands are comparatively small. ^ 
When the modulation index exceeds unity, i.e.y when the range through 
which the radio frequency is varied is greater than the audio frequency, 
the second- and other higher-oi;der components become of importance, 
while the carrier amplitude dropfs rapidly and may even be zero. 

Analysis of Phase Modulation ,—In phase modulation the amplitude 
of the wave is maintained constant while the phase of the radio-frequency 
output is varied in accordance with the information to be transmitted. 
Phase modulation is similar to frequency modulation, since a changing 
phase corresponds to a varying frequency. The principal difference is 
in the mechanism by which the modulation is produced. With phase 
modulation, the modulation index is equal to the phase shift in radians 
and is commonly designated by the symbol nip, 

^The question naturally arises as to why frequency modulation under such 
conditions is not the same as amplitude modulation, since the modulated waves con¬ 
tain substantially the same frequency components in the two cases. The difference 
lies in the fact that the carrier phase with respect to the side-band phase differs by 90°. 
Hence a frequency-modulated wave in which the second- and still higher-order side 
bands are negligible can be converted into an amplitude-modulated wave by shifting 
the carrier phase 90° with respect to the side ban^. 
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A phase-modulated wave with sinusoidal modulation contains the 
same side-band components as does a frequency-modulated wave, and, if 
the modulation indices in the two cases are the same, the relative ampli¬ 
tudes of these different components will also be the same. The relative 
amplitude of the carrier and the first three side bands can hence be 
obtained from Fig. 130 for any given modulation index. As long as the 
modulation index is less than unity, {i.e., phase shift le&s than 57.3°), only 
the first-order side-bands are of appreciable magnitude, but each addi¬ 
tional 57.3° of phase shift will add another 
pair of important side-band components. ' CH 

Combinations of Phasej Amplitude, and ? \carner 
Frequency Modulation .—Frequency and g 

phase modulation are often combined with ^ \\ \ \ h/H 

* . . “04 

amplitude modulation as undesirable by- 

products. For example, in the plate-modu- -g 

lated oscillator the output possesses both | 

frequency and amplitude modulation, as has 

already been explained. For this reason ”0 I I I I 

modulated oscillators are practically never S — 

used in radio communication. ^ ' I rn 

Combined phase and amplitude modula- > 

tion can occur in a number of ways. Thus, | _ZZZI_tZII 

if the tank circuit of a modulated amplifier ^ 

or linear amplifier is not tuned exactly to 012345678 
resonance, there will lie a phase shift that Modulation index mp or mf 

will vary with the modulation. Another ponSts 

important cause of combined amplitude and phase-modulated wave assuming 

pha.se modulation is energy tran.sfer betw(>cn moiilate/wavf i? il thl 

the wave after modulation, and the un- case of the side bands the ampU- 
1 I . j I r j 1 A* tudo shown is the amplitude of 

modulated wave before modulation. the individual side-band compo- 

Phase and frequency modulation that oc- nent and not of the pair of 

cuns as a by-product of amplitude modula- toother?" bands taken 

tion is very undesirable in radio transmitters. 

This is because such modulation produces high-order .side-band fre¬ 
quencies, which represent energy radiated upon adjacent frequency 
bands and may interfere with other communications. Phase modula¬ 
tion is particularly bad in this respect, because the modulation index nip 
of phase modulation is independeht of the frequency of modulation, 
whereas with frequency modulation the index m/ is inversely propor¬ 
tional to the modulation frequency and so tends to be low when the 
modulation frequency is high enough to make the second- and third-order 
side bands lie in adjacent channels. 


012345678 
Modulabon Index mp or mf 

Fig. 130. —Amplitudes of com¬ 
ponents of a frequency- or 


case of the side bands the ampli¬ 
tude shown is the amplitude of 
the individual side-band compo- 
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Problems 

1. The equation of a modulated wave is 

e = 25(1 -f 0.7 cos 5000^ - 0.3 cos 10,0000 sin 5 X 10»/ 

а. What frequency components does the modulated wave consist of, and what is 
the amplitude of each? 

б. Sketch the modulation envelope and evaluate the degree of modulation for the 
peaks and troughs. 

2. Write the equation of a 100-volt carrier wave of 1000 kc when modulated 40 per 
cent at 400 cycles. 

3. Calculate the total band width to which a radio receiver should respond for 
satisfactory reception of (a) ordinary broadcast signals, (5) perfect reproduction of 
speech and music, (c) telegraph signals sent at 150 letters per minute under average 
conditions, and (d) radio signals that represent radio extensions of wire telephone 
systems. 

4. Calculate (a) the number of telegraph stations transmitting at a speed of 25 
words per minute, 5 letters per word, which, theoretically, could operate simultane¬ 
ously in the present broadcast band (550 kc to 1500 kc), (5) the number of ordinary 
broadcast stations reproducing speech frequencies up to 8000 cycles that could be 
accommodated in the broadcast band, and (c) the number of single-side-band tele¬ 
phone conversations for the same band. 

5. Assuming that a man talks at 120 words per minute and that the average word 
has 5 letters, find the relative amounts of information that can be transmitted in a 
given frequency band by telegraphy and by telephony. 

6. Draw the circuit of a plate-modulated Class C amplifier similar to Fig. 1185 
but using a Class B modulator and a neutralized push-pull Class C amplifier. 

7. A plate-modulated amplifier is to deliver a carrier output of 100 watts. Select 
a suitable Class C tube from Table XIII and specify the modulator power that will be 
required for complete modulation and the load impedance to which the modulator 
delivers its output. 

8. In a direct-coupled arrangement as shown in Fig. 118a, the modulator consists 
of 3 Type 211 tubes (see Table X, page 158) connected in parallel and acting as Class A 
amplifiers for a single Type 211 Class C tube. What are the proper plate voltage and 
plate current for the Class C tube to operate at if the modulator is to function at full 
output and give complete modulation, and how many ohms should the voltage 
dropping resistance have? 

9. A plate-modulated amplifier Ls to employ a Type 204-A tube operated to give a 
carrier output of 350 watts, as in Table XIII. 

a. Design a suitable tank circuit. 

5. Select a tube to provide the required exciting power with a moderate margin of 
safety. 

c. Determine the modulating power required for complete modulation and the 
load impedance to which this power is delivered. 

d. Select suitable modulator tubes from Table X, page 158, to operate as Class B 
amplifiers, and determine the proper turn ratio of the output transformer used to 
couple the modulator to the plate of the Class C tube. 

10 . If the plate efficiency of a plate-modulated Class C amplifier is substantially 
constant throughout the modulation cycle, what must be the ratio of actual plate 
dissipation during unmodulated periods to the allowable plate dissipation, if the 
allowable dissipation is not to be exceeded with complete modulation. 



MODULATION 


237 


11 . Draw the circuit of a grid-modulated Class C amplifier using push-pull Class C 
tubes and draw a push-pull modulator that is transformer coupled to the grid of the 
Class C tube. Include provision for neutralization of the Class C tubes. 

12. A Type 211 tube is to be used as a grid-modulated Class C amplifier. 

o. Estimate the carrier output power that can be developed. 

h. Determine the proper direct-current bias voltage and the peak modulating 
voltage that will be required for complete modulation. 

c. From the grid current that flows at the crest of the modulation cycle determine 
the maximum internal impedance that the source of modulating voltage can have 
without introducing more than 5 per cent second-harmonic distortion in the modulat¬ 
ing voltage, and, from this, design a Class A push-pull modulator. The design of 
modulator includes selection of tubes and tul)e operating conditions and specification 
of the proper turn ratio for the output transformer. 

13. A grid-modulated Class C amplifier is adjusted so that at the crest of the 
modulation cycle the plate efficiency is 70 per cent, falling to 35 per cent during 
unmodulated intervals. Compare the relative plate dissipations for the two modula¬ 
tion conditions. 

14. In a grid-modulated Class C amplifier the average plate dissipation is less 
when the output is modulated than during unmodulated periods. What is the 
reason for this? 

16. In a suppressor-grid-modulated amplifier, the screen current is greater at the 
peaks of the modulation cycle than at the troughs. Explain. 

16. By making reasonable assumptions as to plate efficiencies Involved, estimate 
the total direct-current input power required by modulator and modulated tubes when 
the carrier power is 1000 watts and the modulation Is zero and 100 per cent, for (a) 
plate-rnodulated Class C amplifier. Class A modulator; (6) plate-modulated Class C 
amplifier. Class B audio modulators; (c) grid-modulated amplifier; (d) suppressor-grid- 
modulated amplifier; (e) high efficiency grid-modulated Class C amplifier. 

17. Draw a circuit of a plate-modulated oscillator analogous to the circuit of Fig. 
1186 for a plate-modulated Class C amplifier. 

18. Would it be possible for a balanced modulator to employ plate-modulated 
Class C amplifiers? 

19. Draw a circuit in which feedback is applied to a plate-modulated Class C 
amplifier. 

20. Describe a means by which a frequency-modulated wave could be produced. 

21. A wave is frequency modulated at an audio rate of 5000 cycles per second. 
Plot the relative amplitude of the carrier, and first-, second-, and third-order side-band 
components as a function of the amount the frequency is varied away from the 
carrier up to 15,000 cycles. 



CHAPTER IX 


VACUUM-TUBE DETECTORS 

76, Detection of Radio Signals. —Detoction, or demodulation as it is 
sometimes called, is the process of reproducing the transmitted informa¬ 
tion from the modulated radio-frequency wave. Since all systems of 
radio communication in practical use transmit information by varying 
the amplitude of the radiated wave, the detection process must ordinarily 
produce currents that vary in accordance with the mpdulation envelope. 
This is done by rectifying the modulated wave. 

An ideal detector reproduces in its output the exact information 
modulated upon the radio wave. If the detector fails to do this, dis¬ 
tortion results. Thus the detector output may include frequencies that 
were not contained in the original modulation, thereby giving rise to 
amplitude distortion. The detector may also discriminate between dif¬ 
ferent modulation frequencies and so introduce frequency distortion. 
Finally, a detector may reproduce the different components of the original 
modulation in altered phase relations, resulting in phase distortion. 

77. Diode Detectors. —A simple diode detector is shown in Fig. 131a. 
Here a two-electrode tube, or diode, is used as a rectifier, with the resist¬ 
ance R serving as the load to which the rectified output is delivered. This 
resistance is shunted by a condenser C large enough to act as a short 
circuit to radio-frequency voltages, but small enough to be substantially 
an open circuit to rectified currents of modulation frequencies. 

When a modulated radio-frequency voltage is applied to the diode 
detector, the action is as illustrated in Fig. 131. The potential existing 
between the plate and cathode electrodes is the radio-frequency wave 
minus the voltage Ei developed across the load resistance R by the recti¬ 
fied current, as shown at Fig. 131c. It is seen from Fig. 131d that the 
plate becomes positive with respect to the cathode for a brief period eacli 
cycle, and that during the time the plate is positive a pulse of current 
flows. With the usual circuit proportions the voltage Ei developed 
• across the load by the pulses of plate-current is only slightly less than the 
crest amplitude of the radio-frequency wave, so that when the wave is 
modulated the voltage developed across the diode load resistance R varies 
likewise and accordingly reproduces the modulation envelope. 

Efficiency, Input Resistance and Ldnearity of Simple Diode Detectors 
Heunng a Resistance Load ,—The ratio of voltage developed across the 
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(a) Actual Circuit of Diode 


Signal inpu-h 


r 

—f" 


/]^tI 



output 

''Load resistance 
(b) Input Voltage Applied to Diode 


load resistance R to crest amplitude of the radio-frequency signal voltage 
is termed the efficiency of detection. This efficiency commonly ranges 
from 80 to 95 per cent if the amplitude of the applied signal exceeds a few 
volts. The exact value of efficiency depends upon the ratio of load 
resistance R to the resistance of the diode tube, and increases as this ratio 
is made greater. This is because a high load impedance requires less 
rectified current to develop a given output voltage and hence reduces 
the amount by which the plate must go positive each cycle. A low diode 
resistance leads to the same result, since this gives more current for the 
same positive voltage on the plate. 

The efficiency of rectification can 
be measured by applying an unmod¬ 
ulated alternating voltage of known 
crest amplitude to th(? diode and 
measuring the resulting rectified 
current flowing through the resist¬ 
ance R, From this one can calculate 
the voltage developed across R and 
hence the efficiency of rectification. 

^^Measurements of efficiency of rectifi¬ 
cation can be made at audio fre- 

f 

quencies, provided the condenser C 
has a low reactance compared with 
the resistance R at the frequency 
used. 

A diode detector with its load 
consumes energy from the applied 
signal as a result of the current 
flowing through the diode tube. 

For the simple diode of Fig. 131a, 
the equivalent resistance that the 
diode plus load offers to the applied radio-frequency voltage is to a high 
degree of accuracy given by the equation^ 



Cc)Vol+age Across Diode Resistance R 


(d) Total Voltage Applied Between Plate 
and Cathode of Diode 



Ce) Current Flowing Through Diode Tube 

aaaaaaaaAUAUAAaa.... . 

Flo. i:n.^—Circuit of simple diode 
detector with oscillograms illustrating 
details of operation. 


' This is shown as follows: The diode current flows only when the signal voltage is 
at or near its crest value, as is clearly shown in Fig. 131. The power absorbed by the 
detector input is accordingly only very slightly less than the product of the crest radio¬ 
frequency voltage and the average diode current. Since the average current is 
equal to rjE/R^ where the output voltage across R is riEy and E is the crest value of 
radio-frequency voltage, one can write 


Power loss 


rfE^ _ (effective signal)* 

(OT) 


The denominator of this last term represents the equivalent input resistance to the 
signal, which is, accordingly, R/2ri. 
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Input resistance = ^ 


( 100 ) 


where is the efficiency of rectification. 

In an ideal detector the voltage Ei is exactly proportional to the 
amplitude of the applied radio-frequency voltage. That is, the efficiency 
of rectification is independent of the applied voltage. In practical 
detectors this is only approximately true, because at low amplitudes the 
diode plate resistance increases, causing the rectification efficiency to 
drop. Trouble from this source may be minimized by using a high load 
resistance and making the carrier amplitude applied to the diode reason¬ 
ably large. The rectification efficiency will then be high at all times 
even if not constant, and the rectified voltage developed across the load 
resistance will follow the modulation envelope quite closely. 


(c*) DiodeCircuit 
with Filter 


(b) Diode with Direct' 
current Voltage Blocked 
from Output 


(c) Diode with Provision for 
Obtaining Voltage for 
Automatic Volume Control 



Practical Diode Detector Cirguits and Complex Load Impedances ,—In 
practical detectors it is generally found necessary to provide a filter such 
as shown in Fig. 132a in order to prevent radio-frequency voltages from 
reaching the output. In this filter, condensers C and Ci are commonly 
equal, whereas 722 may be several times 72i. A filter reduces the useful 
rectified output by the factor 722/(72i + as a result of the voltage 
drop in 72i. 

A modulation-frequency voltage, separated from the direct-current 
voltage developed across the diode load resistance, can be obtained by 
the use of a resistance-condenser combination such as illustrated in 
Fig. 1326. It is also common practice to use the direct-current voltage 
developed across the diode load resistance for automatic volume control 
by means of an arrangement such as illustrated in Fig. 132c for separating 
this d-c voltage from the alternating modulation-frequency voltage. 

A study of Figs. 1326 and 132c shows that these arrangements do not 
provide a simple resistance load to the rectified current as does the 
arrangement of Fig. 131a. Thus in Fig. 1326, if the blocking condenser 
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C 2 is an effective by-pass to the modulation frequencies, as it is supposed 
to be, then the resistance Rz is in shunt with the resistance R 2 to the 
modulation-frequency components of the rectified current, but not to the 
direct-current component. The diode load circuit in Fig. 1326 hence 
offers a different impedance to the modulation-frequency components 
of the rectified current than to the direct-current component. A similar 
situation exists in the arrangement of Fig. 132c. 

In all the diode detector circuits, even including the simple circuit of 
Fig. 131a, it is to be noted that the condenser C that serves as a radio¬ 
frequency by-pass to the diode load circuit will also act as a partial by-pass 
for very high modulation frequencies. Under these conditions the imped¬ 
ance of the diode load will have a reactive component and will also be 
reduced in magnitude. 

Effect of a Complex Load Impedance on Non-linear Distortion »—A 
consideration of the action taking place in a diode detector shows that 
when the detection efficiency is high, as is normally the case, the rectified 
current assumes whatever value is required to make the voltage developed 
across the load impedance have a value only slightly less than the ampli¬ 
tude of the modulation envelope. This means that the average value 
h of the rectified current must be such that h X Ro — vEoy where Ro 
is the direct-current resistance offered by the diode load to the rectified 
current 77 is the efficiency of rectification, and Eq is the average or carrier 
amplitude of the applied radio-frequency voltage. At the same time, the 
modulation-frequency component Im of the rectified current must be 
such that when this current flows through the impedante Zm offered by the 
diode load circuit to the modulation frequency, one has Im X Zm = rtmE^, 

From these relations it follows that as the ratio ZmIRo of alternating- 
current to direct-current load impedance is made less than unity, the 
ratio of the modulation-frequency component of the rectified current to 
the direct-current component is increased, as shown in Fig. 133a. How¬ 
ever, the crest value of the modulation-frequency component of the 
rectified current cannot exceed the direct-current component because the 
rectifier tube will transmit current in only one direction. Consequently, 
the maximum degree of modulation that the applied radio-frequency 
voltage can possess, and still make it possible for the modulation-fre¬ 
quency component of the rectified output to reproduce the modulation 
envelope, has the value 


Maximum allowable \ 
degree of modulation r ^ Zm 
m for distortionless I 'R^ 
rectification / 


! Magnitude of the impedance 
of diode load to modulation 

freque ncy _ 

(Resistance of the diode load 
(circuit to direct current 


(101) 
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If the degree of modulation of the applied signal exceeds this value the 
rectified output will be distorted. 

The nature of the non-linear distortion that results when the modula¬ 
tion of the applied signal is greater than \Zfn/Ro\ depends upon the magni¬ 
tude and phase angle of the complex impedance ZmIRo. In circuits 
such as those of Figs. 1326 and 132c, the impedance Z^ offered to moderate 
modulation frequencies is a resistance Rm appreciably less than the resist¬ 
ance Ro to direct current.^ When the degree of modulation equals Rm/Ro 


(a) Resistance Load <b) Resistance Load (c) Load with Phase Angle 

n^>Rp^/RQ m>Zp-|/RQ 

Radio-frequency Signal Voltage 



Average Current through Diode 

P/rec f- curren f Direct-curren t 



I ^ 

Moduh fion - frequency' Moduhhen - frequency ' Modula tion - freq- 

component component uency compenenr 


Voltage Across Diode Load 



Wave that woulct Wove that would 
avoid distortion a void dis tor tion 


Fig. 133.—Action of diode detector having complex load impedance, showing negative 

peak find diagonal clipping. 

the rectified current then varies through the maximum range that it can 
and still reproduce the envelope of the applied radio-frequency signal 
(see Fig. 133a). If the degree of modulation exceeds this value, as shown 
in Fig. 1336, the result is a clipping of the negative peaks in the rectified 
output voltage as shown. This introduces non-linear distortion.^ 

At high modulation frecfuencies the ratio ZmjRo is not only less than 
unity but also has a phase angle. This is because of the shunting effect 

^ By moderate modulation frequencies is meant those frequencies high enough for 
the blocking condenser in the rectifier load circuit to be a short circuit, and yet low 
enough so that the condenser across the input to the diode load has negligible shunting 
effect. 

* When the amount of clipping is small, the total r.in.s. distortion that results is 
roughly: 

[Actual modulation] — [Modul ation allowed by Eq. (101)] 

2 X (actual modulation) 


Approximate 
r.m.s. dis¬ 
tortion 
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of the condenser C at the higher modulation frequencies. Under these 
conditions the situation is as illustrated in Fig. 133c. It will be noted 
that the modulation-frequency variations in the rectified current are no 
longer in phase with the modulation envelope. This must be so, since, if 
the voltage developed across the diode load circuit is to be only slightly 
less than the envelope amplitude of the applied radio-frequency voltage, 
the rectified current cannot be in phase with the modulation envelope 
when the load impedance has a reactive component. If is reactive 
and the modulation of the applied signal exceeds \Zm/R^\, as is the case in 
Fig. 133c, the negative half cycles of the output wave are clipped diago¬ 
nally as shown. 

Input Resistance and Demodulation of Applied Signal with Complex 
Diode Load Impedance. —When the ratio \Zm/R^ is less than unity, the 
diode offers a lower input impedance to the side bands than to the carrier. 
This is because under these conditions the modulation-frequency vari¬ 
ations in the rectified current are proportionately greater than the 
amplitude variations in the modulation enveiope (see Fig. 133a). 

The input resistance that the diode offers to the carrier voltage has 
already been shown in Eq. (100) to be Ro/2rjj where yj is the efficiency of 
rectification. In a similar fashion, the input impedance that the diode 
offers to the side-band components of the applied signal has a magnitude 

Input impedance of diode 

to side-band frequencies 

The phase angle of the input impedance to the upper (or sum-frequency) 
side band is the same as the phase angle of Zm to the modulation fre¬ 
quency, while the phase angle of the input impedance to the lower (or 
difference-frequency) side band has the same magnitude as the phase 
angle of Zm but is of opposite sign. At moderate modulation frequencies 
the impedance Zm that the diode load circuit offers to the modulation 
frequency is usually a resistance lower in value than the resistance offered 
to direct current. At the high modulation frequencies the impedance Zm 
has a reactive component because of the shunting effect of the condenser 
C, which causes the input impedance that the diode offers the tuned input 
circuit to contain a reactive component. 

The input impedance of the diode detector makes the radio-frequency 
voltage appearing at the terminals of the diode less than if the diode plus 
load consumed no energy. The amount of this reduction is determined 
by the input impedance of the diode in relation to the equivalent generator 
impedance of the source of applied voltage. Whore |Zm/I2o| is less than 
unity, the lower input impedance that the diode offers to the side bands 
causes these to be reduced proportionately more than the carrier. The 
result is that the degree of modulation of the radio-frequency voltage 
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actually applied to the input terminals of the diode is less than the degree 
of modulation of the original radio-frequency signal, in the ratio ^ 


Degree of modulation of) 
diode input voltage J 

_ 

z.(z. + |) 

Actual modulation of ) 
original radio-frequency 
wave j 

[’ 



where the equivalent generator impedances of the applied voltage to 
carrier and side-band frequencies are Z, and Z/, respectively. ^ The 



Fig. 134.—Typical design of diode detector in which provision is made for an auto¬ 
matic-volume-control voltage and for obtaining the modulation-frequency output free of 
direct-current voltage. 

lowering of the degree of modulation of the applied signal that results 
when |Z,n/f2o| is less than unity tends to reduce the distortion that would 
otherwise occur when the degree of modulation of the radio-frequency 
signal is high. 

Practical Diode Detectors ,—The circuit details of a practical diode 
detector are shown in Fig. 134. Here a modulation-frequency output 
voltage free of rectified direct-current potentials is obtained with the aid 


' This is derived as follows: To the carrier the diode offers a load resistance f?o/2i7, 
so that the presence of the diode reduces the carrier voltage across the tuned input 
(^o/M 


circuit by the factor 


Ziii/2i|, the presence of the diode reduces these by the factor 


Since the input impedance to the side bands is 




The ratio 


of these two reduction factors gives the factor by which the modulation is altered, 
and leads at once to Eq. (104). 

* In Kq, (104). it is assumed that the impedance Z« of the source to the side 
bands has the same magnitude for the lower as for the upper side band, but that 
the phase angles are opposite in the two cases. 



Sac. 78] 


VACUUM-TUBE DETECTORS 


246 


of a filter RiC^y while a direct-current voltage proportional to the carrier 
amplitude of the applied radio-frequency wave and free of modulation- 
frequency components is obtained for the automatic-volume-control 
system with the aid of the filter JK 3 C 3 . A filter R 1 C 1 C 2 prevents radio¬ 
frequency voltages from reaching the modulation-frequency output. The 
resistance Ri in this filter is normally made rather high in spite of the 
loss of output which results, since then Zn^/Ra is more nearly unity. 

The procedure to be followed in analyzing a diode detector circuit is 
illustrated by the following example. 

Example.—Calculate maximum degree of modulation that the applied signal can 
have in Fig. 134 and still avoid negative peak clipping at moderate modulation fre- 
quepcics. Also determine the approximate distortion that results when the original 
signal voltage is modulated 100 per cent. Assume that the efficiency of rectification 
is 0.90. 

The direct-current load resistance Rq is 110,000 + 200,000 = 310,000 ohms. 
The load impedance to moderate modulation frequencies is less, however, because 
Ri and R 4 arc effectively in shunt with R 2 to alternating currents. Hence 


Zm = 110,000 + 


0.2 X0.5 X 1.0X1018 
(0.2 X 0.5 + 0.2 X 1.0 +0.5 X 1.0) lO^* 


235,000 ohms. 


Accordingly, ZmlRo - 235,000/310,000 = 0.76. This represents the maximum 
degree of modulation that the applied radio-frequency voltage can have and still 
avoid negative peak clipping. From Eq. (104), the actual degree of modulation of 
the original signal required to make the modulation of the signal at the diode terminals 
0.76 is 

310,000(160,000+|») 
v).7o . nnn\ 9 .00 

235,000(l60,000 

When the original signal is completely modulated the degree of modulation at 
the diode input terminal is 1.0 X 0.76/0.88 = 0.86. Substitution in Eq. (102) 
then gives 

0.86 - 0.76 

Approximate r.m.s. distortion = "^"x 0”86~ ^ 


Tubes for Diode Detectors .—The tube used as a diode detector should 
have a low plate resistance. The diodes employed in actual practice 
include small, especially designed two-electrode tubes, diode sections 
build into triode and pentode tubes, and also ordinary triodes converted 
into diodes by connecting the grid and plate electrodes together. 

78. Plate Detectors. —In the plate detector (also called bias detector 
and anode detector), advantage is taken of the fact that, when an ampli¬ 
fier tube is biased approximately to cut-off and a relatively large alternat¬ 
ing voltage is applied to the grid, there will be a pulse of plate current 
during each positive half cycle of the applied voltage and no plate current 
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during the negative half cycles, as illustrated in Fig. 135. The amplitude 
of these pulses of plate current is proportional to the alternating voltage 
applied to the grid so that, if this input is a modulated wave, the average 
value of the plate current will vary in accordance with the modulation 
envelope. Modulation-frequency output is obtained by coupling to the 

plate circuit as in an ordinary audio¬ 
frequency amplifier, using resistance, 
transformer, or other form of coupling. 

The plate detector has the advan¬ 
tage over the diode in that the input 
resistance is infinite if the grid is not 
allowed to go positive. At the same 
time, the plate detector can handle 
only a limited applied voltage and also 
does not produce a rectified voltage of 
the proper polarity for aiitomatic- 
volume-control purposes. As a result, 
diode detection is preferred to plate 
detection under most circumstances. 

Analysis of Plate Detectors ,—The 
behavior of the modulation-frequency 
currents in the plate circuit of a plate 
detector is exactly as though these were 
produced by a generator acting inside 
the tube. This leads to the equivalent 
circuit of Fig. 136, which is of the same form as the equivalent circuit 
of the amplifier shown in Fig. 56. The only difference between the 
equivalent circuit of the plate detector and the equivalent circuit of the 
amplifier is that with the defector the equivalent generator voltage Er 



Fig. 135.—Details of action taking 
place in plate rectifier showing how a 
modulated wave applied to a grid that is 
biased to cut-off will cause plate-current 
impulses having an average value that 
varies in accordance with the modula¬ 
tion envelope. 


(oi) Cons+an-t-vol+ogc- 
generator Form 


Er- 

Tjjim 



<b) Constanf-current- 
generator Form 
l = ~Scnn E q 

Rdj Zl 


Fio. 136.—Equivalent plate circuits of plate detector. Note the similarity to the equivalent 

amplifier circuits of Fig. 56. 


and the equivalent internal resistance Rd are now determined by different 
factors. 

The equivalent modulation-frequency voltage Er that can be con¬ 
sidered as acting in the equivalent circuit of the plate detector is given 
by the equation 


Er = ryimEo 


(105) 
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where 

m - degree of modulation of the applied signal 
Eo = carrier amplitude of the applied signal 
/t = amplification factor of tube 
rj = efficiency of rectification. 

It will be noted that the modulation-frequency envelope actually acting 
in the plate circuit is ixmEoj and that the equivalent rectified voltage Er 
is this envelope multiplied by the factor rj to take into account the incom¬ 
pleteness of the conversion from radio-frequency envelope to modula¬ 
tion-frequency voltage. In practical plate detectors the efficiency of 
rectification is of the order of 0.8 to 0.9 provided the applied carrier is not 
too small. 

The detector plate resistance Rd in Fig. 136 is the equivalent dynamic 
resistance of the plate circuit of the tube measured when a radio-frequency 
carrier is applied. This equivalent detector plate resistance is normally 
two or three times the plate resistance of the same tube when operated 
as an ordinary amplifier. 

The ratio /x /Kd = Sc corresponds to the mutual conductance of ampli¬ 
fiers and is termed the conversion transconductance. The conversion 
transconductance is the fundamental constant of the pentode plate detec¬ 
tor. This is because in sucli tubes the detec^tor plate resistance Rd is 
substantially infinite, so that the modulation-frequency voltage developed 
across the load impedance Zl in the plate circuit is for all practical pur- 
pases given by the equation 

Modulation-frequency output^ 

voltage of pentode plate/ = ScUiEoZl (106) 

detector ) 

The value of Sc for plate detection is normally 0.3 to 0.4 times the mutual 
conductance of the same tube when operated as an ordinary amplifier. 

Design of Anode Detectors .—The load impedance placed in series with 
the plate of the anode detector is designed exactly as in the case of voltage 
amplifiers, except that the equivalent detector plate circuit of Fig. 136 
is used instead of the equivalent amplifier circuit of Fig. 56. Either 
resistance or transformer coupling is normally used, and the only special 
feature involved is that a filter must be provided as shown in Fig. 137 
to prevent radio-frequency voltages from reaching the output, while 
providing a low-impedance path in the plate circuit to radio-frequenc 3 ’ 
currents. The condensers in this filter must be small, for they are effec¬ 
tively in shunt with the load impedance and so tend to reduce the response 
at high modulation frequencies, particularly when resistance coupling k; 
used. 
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The tubes used for audio-frequency voltage amplification are also 
suitable fot anode detection. Both triode and pentode tubes are satis¬ 
factory, although the latter are preferred because of their greater gain. 
The grid bias should approximate the cut-off value and so depends upon 
the screen potential in pentodes and upon the plate potential in triodes. 



No^e: Bids resistors adjus-hd so ihal bias approximedts 
culoff w/M notmal raied carrier ^nage 

Fia. 137.—Typical plate-detector circuits. 


When a bias resistor is used, its value should be chosen so that the neces¬ 
sary bias is obtained in the presence of the rated carrier input voltage. 

79. Heterodyne Detection. —When two signals of different frequencies 
are superimposed, the envelope of the resulting oscillation varies in 
amplitude at a frequency that is equal to the difference between the 
frequencies of the two a-c currents, and swings through an amplitude range 
determined by the amplitude of the smaller of the two voltages, as is 
shown in Fig. 138. This result is obtained because at one moment the 
two waves will be in phase and so will add together, whereas a short time 





Fio. 138.—Typical heterodyne waves, showing how the combining of two waves of 
slightly different frequencies results in a wave that pulsates in amplitude at the difference 
frequency of the component waves. 

later the higher frequency wave will be one-half cycle ahead of the other 
wave and so will combine with it in phase opposition. The rate at which 
the amplitude of the envelope varies is called the beat frequency (or the 
difference frequency), and the production of such beats by combining 
two waves is known as heterodyning. Since rectification of such a hetero- 
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dyne signal gives a rectified current that varies in amplitude at the beat 
frequency, heterodyne action gives a means of changing the frequency of an 
a-c current 

The procedure for changing the frequency of an unmodulated signal 
by heterodyne action is to superimpose a local oscillation having a fre¬ 
quency that differs from that of the signal by the desired frequency. The 
local oscillation may have either a higher or lower frequency than does 
the signal, since it is only the difference that is important. The combined 
wave, is then applied to a detector, and the desired beat frequency will be 
contained in the rectified output. If the wave that is to have its fre¬ 
quency changed is modulated, the amplitude of the beats that are pro¬ 
duced by the superposition of the local oscillation will vary in accordance 
with the amplitude of the modulated v/ave, and the final result of the 
heterodyne operation is to change the frequency of the carrier wave to the 
beat frequency without disturbing the character of the modulation. 

The heterodyne principle of frequency changing has a number of 
important applications in radio communication. Thus it can be used to 
change the frequency of a telegraph signal to an audible frequency such 
as 1000 cycles, which can be used to actuate a telephone receiver. This 
result is accomplished by making the difference between the signal and 
local oscillation frequencies a suitable audio frequency, and is known as 
heterodyne code reception. 

Another application of the heterodyne principle is in the superheter¬ 
odyne type of radio-frequency amplification, in which the heterodyne 
principle is used to change the carrier frequency of the incoming radio 
wave to a predetermined and readily amplifiable radio frequency, termed 
the intermediate frequency^ at which the amplification takes place. In 
this way the frequency of the signal is changed to fit the amplifier, rather 
than requiring that the amplifier be adjiisted to fit the signal. 

80. Converters for Superheterodyne Receivers. —The superhetero¬ 
dyne receiver is so widely used that special tubes and methods have been 
devised for performing tfie frequency-changing operation involved. The 
heterodyne detector for such purposes, commonly referred to as first 
detectory convertery or mixery is required to develop a difference frequency, 
ordinarily in the range 75 to 500 kc, by combining the incoming radio 
wave with a local oscillation differing in frequency by the desired amount. 
The principal arrangements employed to do this in practice are plate 
detection, the 6L7 pentagrid mixer tube, and the pentagrid converter. 

The plate-detector type of mixer is illustrated in Fig. 139, and is an 
ordinary pentode plate detector biased approximately to cut-off, with 
provision for introducing a locally generated voltage in the tube circuits. 
The output load impedance is a tuned circuit resonant at the difference 
frequency to be produced, and is designed exactly as in an ordinary tuned 
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amplifier. The local oscillator may be of any type and can be coupled 
into the mixer tube in any convenient way, but preferably in such a 
manner that the voltage introduced is approximately constant as the 
frequency of the oscillator is varied to accommodate signals of different 
frequencies. 

The difference-frequency output of a pentode mixer tube is calculated 
in exactly the same way as is the amplification of a tuned amplifier. It is 
merely necessary to use the conversion transconductance in place of the 
mutual conductance, and the detector plate resistance in place of the 
ordinary plate rcvsistance. Since the plate resistance of a pentode mixer 
tube is practically infinite, the output obtained is consequently given by 
Eq. (106) and is about one-third as great as that obtained from an ordi¬ 
nary tuned amplifier because of the fact that the conversion transcon¬ 
ductance is about one-third the mutual condu(*tance. 


Inpulcircuif 
luneofh signal 
frequenc'^i 


Oulpul circui! 
iunedio diffet-ence 
frequency 


Coupled fo local 
osctHafor 

Fig. 139.—Circuit of typical plate-detector type of mixer tube. 



The plate-detector type of mixer has the disadvantage of introducing 
coupling between the local oscillator and the circuit tuned to the incoming 
signal. Under such circumstances adjustment of the input tuned circuit 
will affect the oscillator frequency, and strong signals having frequencies 
differing only slightly from th^ local-oscillator frequency will tend to 
make the latter synchronize automatically with the interfering signal (see 
Sec. 62). As a consequence, the plate-detector type of mixer, although 
perfectly satisfactory for broadcast and lower frequencies, has very 
important shortcomings when used at radio fn'quencies so high that the 
percentage difference between signal and local oscillator frequencies is 
small. 

The Pentagrid Mixer Tube {or 6L7).—The pentagrid (or hexode) mixer 
tube, or 6L7, i8olgies^Jt)^l(^ jignal-frequency circuits 

by the expedient of utilizing the local oscillator to grid modulate the 
amplified signal-frequency currents. The pentagrid mixer tube contaias 
five grids connected as shown in Fig. 140. The first or inner grid Is 
the normal control grid, designed to have a variable-mu characteristic, 
and has the signal voltage applied to it. The next grid is an ordinary 
screen ^d, whereas the third grid Gz is a suppressor grid that is used to 
modulate the electron stream produced by the control and screen grids 
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Gi and G 2 . The next grid G 4 is a screen grid, whereas Gh is a suppressor 
grid that is connected to the cathode. It will be noted that this arrange¬ 
ment is essentially a suppressor-grid-modulated amplifier, modified by 
the addition of grids Ga and Gh in order to make the plate resistance of 
the tube similar to that obtained with an ordinary pentode even when a 
virtual cathode forms between grids G 2 and G 3 . The arrangement is 
capable of producing a difference frequency, 


since, when the local oscillator is modulated inp^^cjrcuif ^5 


frequency 



Flo. 140.- 


Circuit of typical 6L7 
mixer tube. 


funeo/fo 

upon the incoming signal, the lower side 
band has a frequency that is the difference 
between the signal carrier frequency and 
the local-oscillator frequency, y 

The difference-frequency output ob¬ 
tained with a pentagrid mixer tube is 
calculated exactly as in the case of the 
pentode plate detector, and so is given by 
(106). The conversion transconduc- 
tance, and hence the amplification, ob- osdUafor 
tained with a hexode mixer tube are of the 
same order of magnitude as with other 
types of converters. 

The Pentagrid Converter. —Tl^ pentagrid. muverter -is. a.,combined 
oscillator and detector tube. A typical circuit arrangement is shown in 
Fig. 141, where the cathode, first grid Gi, and second grid G 2 function as 
an ordinary triode oscillator with grid G 2 being the anode electrode. This 
oscillator serves to control the flow of electrons from the cathode, causing 
the current to travel toward the plate in pulses occurring at the peak of 

each cycle of the oscillator. Most 
of the electrons in the pulses 
drawn from the cathode pass 
tlirougli tlic spaccs between the 
wires of G 2 , pass the screen-grid.S 2 ^ 



Jnpuf 

efreu/f 


which is for the purpose of provid¬ 
ing an electrostatic shiel d, and 


'QscUtafor cJrcUih 

Fig. 141.—Circuit of typical pentagrid 
converter tube. 


come to rest in front of the grid G 4 , 
where a virtual cathode is formed.^ 
The signal voltage is applied to Gi 
and so controls the number of electrons that the plate is able to draw 
from this virtual cathode. Grid G 5 is a screen grid that serves to 
make the plate current substantially independent of plate voltage, 
thereby giving the tube a high plate resistance corresponding to that 
obtained with a screen-grid tube. The virtual cathode in front of Ga 
forms with each pulse of space current and then disappears between 
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pulses. As a consequence the currei^ actually ^riving at jhe plate is 
modu lated by both oscillator and signaPvdtages, gi^ng a result 
equivalent to modulating the signal upon the oscillator frequency, 
thereby developing a difference frequency as one side band. .. 

The difference-frequency output of a pentagrid converter is calculated 
in exactly the same manner as the output of the pentode plate detector 
and the hexode mixer. The conversion transconductance, and hence the 
amplification, are likewise of the same order of magnitude as obtained 
with other types of converters. 

^ The pentagrid converter has the merit of simplicity in that it avoids 
the necessity of a separate oscillator tube, and also eliminates much wiring 
that would otherwise be required. Its usefulncwss is limited, however, by 
capacitive coupling between the signal grid G 4 and the space charge of the 
virtual cathode formed between this grid and G 3 . This space charge 
pulsates at the oscillator frequency and induces oscillator-frequency 
currents in the signal circuits. This represents a form of coupling 
between signal circuits and oscillator that becomes more serious as the 
signal frequency is increased. The result is that the pentagrid converter, 
although satisfactory for signals of broadcast and lower frequencies, 
tends to be unsatisfactory at high frequencies. 

81. Oscillating Detectors.—The oscillating detector consists of an 
ordinary amplifier with sufficient coupling between the plate circuit and 
the tuned input circuit to cause oscillations Typical circuit arrange¬ 
ments for oscillating detectors arc shown in Fig. 142. These all consist 
of a simple oscillator circuit with grid-leak bias and means of controlling 
the coupling between the output of the tube and the parallel resonant 
input circuit that is connected between grid and ground, and that controls 
the frequency of oscillations. # 

When the adjustment is such that oscillations are barely able to exist, 
the amplitude of the oscillations is very sensitive to any additional voltage 
induced in the tuned input circuit. When the phase of the oscillations 
of such an induced signal is such as to add to the local oscillations, the 
amplitude of the voltage developed across the tuned input circuit increases 
greatly, whereas if the induced signal subtracts from the oscillations, the 
result is a marked decrease in amplitude. An induced signal having a 
frequency slightly different from that of the oscillations acts as though its 
phase were continually changing from addition to subtraction at a rate 
corresponding to the difference frequency. Hence when such a signal is 
induced in the input circuits of the oscillating detector, it causes the 
amplitude of the oscillations to pulsate at the difference frequency. This 
causes variations in the bias voltage developed by the grid leak, which in 
turn causes the current in the plate circuit to vary at the difference 
frequency. 
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The oscillating detector is used extensively in the reception of radio¬ 
telegraph signals. This is accomplished by adjusting the local oscillations 
to a frequency that differs by approximately 1000 cycles from the fre¬ 
quency of the incoming signal. In this way the frequesncy of the incoming 
signal is converted to 1000 cycles, and the telegraph characters are heard 
as dots and dashes having a pitch of 1000 cycles. 

The oscillating detector has the advantage of simplicity and great 
sensitivity. It is easy to adjust because a signal is tuned in by merely 
varying the resonant frequency of the oscillator tuned circuit until an 
audible difference frequency appears. Because of the mechanism of 
operation, the sensitivity for weak signals is tremendous, a one-tube 
receiver consisting of an oscillating detector delivering as much output as 
can be obtained with perhaps two stages of good tuned radio-frequency 
amplification followed by a detector with a separate local oscillator. 



- 1 Regeneraihn 

RegeneraHon coni-ro! confrx>l 


Fia. 142.—Typical circuits for regenerative and oscillating detectors. The telephone 
receivers indicated in the figure can be replaced by an amplifier when further amplification 
is desired. 

The oscillating detector has two important limitations, however. 
In the first place, it is always possible to find two signal frequencies, one 
higher and one lower than the oscillator frequency, that will give the same 
frequency difference. In the second place, the oscillating detector cannot 
be used when the difference frequency is an appreciable percentage of the 
signal frequency, as for example in the superheterodyne receiver. When 
this percentage is not small, the tuned circuit that controls the frequency 
of oscillations is so far out of resonance with the incoming signal as to 
give very poor response, 

82. Miscellaneous. Square4aw Detectors .—The term square-law is 
applied to a detector which produces a rectified current that is propor¬ 
tional to the square of the applied signal voltage. This is in contrast with 
such detectors as the diode considered in Sec. 77, which is called a linear 
detectorf in which the usual objective is to produce a rectified current 
directly proportional to the applied signal. 

Square-law action results whenever a signal voltage is applied to a 
circuit in which the curve giving the relationship between current and 
voltage may be considered as a section of a parabola. Thus, when a vac- 
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fifa/e current 
wave 


Operating- 

bias 


.Increase inpfafe 
i current caused 

till 


uum tube is adjusted so that the operating point is on a curved part 
of the characteristic, as shown in Fig. 143, and a small signal is applied, 
the positive half cycles will be amplified more than the negative half cycles. 
This results in an increase in the plate current that is proportional 
to the square of the applied signal. 

Square-law detectors find their principal use in vacuum-tube volt¬ 
meters (see Sec. 83). Square-law action is not desirable in the rectification 

of modulated waves, because the non¬ 
linear relationship between signal 
amplitude and rectified current results 
in distortion of the modulation 
envelope. 

Every type of rectifier becomes a 
square-law device jf the applied signal 
is sufficiently small. Tfiis is because 
in every rectifier the transition be¬ 
tween the conducting and non-con¬ 
ducting condition is gradual rather 
than abrupt. 

Grid-leak Detection .—This method of dett'ction makes use of the non¬ 
linear relation existing between grid current and grid voltage in a tube 
operated at zero grid bias. A typical grid-leak detection circuit is shown 
in Fig. 144 and is roughly equivalent to a diode detector comlnned with a 
one-stage audio-frequency amplifier. The grid circuit in this arrang(‘- 
ment acts exactly as a diode detector circuit, with the grid electrode 
taking the place of the diode plate, and the grid-leak-grid-condenser 



Fig. 


‘Apphed voltage 


143.—Vacuum tube adjusted to 
operate as a square-law device. 


combination 


RgCg 


corresponding to the diode load impedance RC of 

(b) 


<a) 



Fig. 131. When a signal voltage is applied to such a circuit, rectified 
current is produced that develops a voltage drop across the grid-leak 
resistance by the same mechanism involved in the diode detector. Since 
the voltage drop across the grid-leak resistance developed by the rectified 
current represents a potential difference existing between grid and cathode, 
this is amplified in the plate circuit to develop the useful output. 

Compared with the diode detector, the grid-leak arrangement has the 
disadvantage of being able to handle only a limited signal voltage. This 
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is because the tube operates with zero bias in the absence of signal, which 
limits the permissible plate-supply voltage. Also the radio-frequency 
signal voltage is applied to the input of the tube along with the rectified 
voltage developed across the grid leak and so tends to overload the tube. 
As a result, a tube with a separate diode is normally preferred to the grid- 
leak arrangement. 

A grid-leak detector is a very satisfactory square-law detector of 
small signal voltages, and at one time it was universally used in 
radio receivers. However, with the development of satisfactory radio¬ 
frequency amplifiers, the need of a sensitive weak-signal detector ceased 
to exist. 


Simple superregenerative 
circuit. 


Regenerative Detectors .—In the regenerative detector the amplitude 
of the applied signal voltage is increased by means of regeneration obtained 
by utilizing the amplifying action of the detector tube. The usual 
circuit arrangements are the same as those used with the oscillating detec¬ 
tor, except that the coupling between the plate circuit and the tuned input 
circuit is reduced to the point where 

oscillations just cease to exist. In Fig. t ^ ^ 

142 grid-leak detection is indicated, 1 .. 

although it is possible to employ plate Source of hyv racfio-frequency vo/fage-^ 
detection. The effect of regeneration is i^s.-simple^superregenerative 
equivalent to reducing the effective 

resistance of the tuned input circuit. Regeneration hence increases 
the voltage that a given signal will apply to the grid of the detector. 

Regeneration represents an inexpensive means of obtaining radio¬ 
frequency amplification. It has a number of disadvantages, however, 
and so with the development of satisfactory radio-frequency amplifiers 
has fallen into disfavor. Among these disadvantages are the excessive 
discrimination against the higher side-band frequencies that result from 
the reduction in effective resistance of the tuned input circuit, the critical 
character of the adjustments required to obtain an appreciable amount of 
regeneration, and the squeals that result when the regeneration is 
accidentally allowed to become sufficient to make the detector oscillate 
and heterodyne with incoming signals. 

Superregenerative Detectors .—A superregenerative detector is a regener¬ 
ative detector in which the regeneration is varied from an oscillatory to a 
non-oscillatory condition at a low radio-frequency rate. During the 
oscillatory interval oscillations build up, only to be subsequently sup¬ 
pressed or quenched.^' The action is such that with proper adjustment 
an applied signal is amplified enormously before detection. A typical 
superregenerative circuit is shown in Fig. 145 and consists of a tube 
arranged to regenerate in the manner shown in Fig. 142c but supplied 
with a plate voltage that is a low radio frequency, such as 25 kc. Oscilla- 
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tions then build up during the half cycles when the plate is positive but die 
out (i.6., are quenched) during the time the plate is negative. 

The average amplitude of the oscillations existing across the tuned 
input circuit of the detector depends upon the signal voltage acting in this 
circuit. Hence an output current varying in accordance with the envel¬ 
ope of the applied signal is obtained by rectifying the voltage existing 
across the tuned input circuit. 

A properly adjusted superregenerative detector gives very large 
amplification of weak signals. At the sajne time, the superregenerative 
detector is critical to adjust, produces a background hiss of considerable 
intensity in the absence of a signal, and has poor selectivity because of the 
side-band frequencies that must be accommodated as a result of the 
modulating action of the quenching voltage. The principal use of 
the superregenerative detector is in the reception of signals having a 
frequency so high that ordinary methods of amplification are not 
satisfactory. 

83. Vacuum-tube Voltmeters.—A detector can be used as a volt¬ 
meter by making use of the rectified direct current to measure the voltage 


(o«) (b) 

Zero balance .>, 



* / 

Bypass * ^Milliameler 
conafenser' • or microammefer 


Flo. 146.—Typical vacuum-tubo voltmeter circuits. 

applied to the detector. The resulting vacuum-tube voltmeter is one of 
the most useful measuring deyices available for audio and radio fre¬ 
quencies. It consumes little ^or no power from the voltage being 
measured, and when properly designed it can be calibrated at a low fre¬ 
quency, such as 60 cycles, and used at any radio or audio frequency up to 
ultra-high frequencies. 

Circuit arrangements for two typical vacuum-tube voltmeters are 
illustrated in Fig. 146. The arrangement a is an ordinary anode detector 
in which the change in d-c plate current is used as a measure of the voltage 
applied to the grid. The circuit shown at h is a modification of a in 
which the residual d-c current that is present in the absence of signal 
voltage is balanced out of the meter by the arrangement shown, thereby 
enabling the indicating instrument to read the increment of plate current 
directly. 

The relationship between the rectified current produced by a vacuum- 
tube voltmeter and the applied voltage depends upon the adjustment. 
Thus in Fig. 146a or 1466, a grid bias less than cut-oflf combined with a 
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signal that is not too large, gives square-law action as shown in Fig. 143. 
On the other hand, if the bias is adjusted to cut-off as in Fig. 135, the 
negative half cycles are suppressed, and the response to the positive half 
cycles is proportional to the square of the applied voltage when this 
voltage is moderately large, but tends to be linearly proportional to the 
positive half cycles if the signal is large. This gives half-wave square-law, 
and linear action, respectively. Finally, if the grid bias is greater than 
cut-off, the rectified output tends to be determined by the peak amplitude 
of the signal. 


Problems 

1. In a diode detector an unmodulated voltage of 10 volts effective is applied. 
The load resistance is 500,000 ohms, and a micAammeter shows that the rectified 
current in this resistance is 23 pia. 

a. Wliat is the efficiency of detection? 

b. What is the input resistance of the detector? 

2. Explain the detailed mechanism whereby the input resistance of a diode detector 
of good efficiency increases with load resistance R but is nearly independent of the 
diode plate resistance. 

3. Explain why the amount the anode goes positive at the peak of each cycle in 
Fig. 13bi will be more when (a) the diode plate resistance is increased and (6) the 
diode load resistance is decreased. 

4 . In the diode detector of Fig. 131a, R = 250,000 ohms, C = 100 fxfjff and 
71 == 0.85. Calculate and plot, as a function of modulation frequency up to 15,000 
cycles, the highest degree of modulation that the applied modulated wave can have 
without introducing distf)rtion. 

6. In a diode detector, is the maximum permissible degree of modulation that the 
original signal can have without negative peak clipping increased or decreased by 
making the internal impedance of the source of the modulated wave high. Explain. 

6. In a diode detector the input circuit has a resonant impedance of 160,000 
ohms. Assuming an efficiency of rectification of 0.90, calculate and plot maximum 
pennissible degree of modulation of original induced signal without negative peak 
clipping, as a function of the ratio of alternating-current to direct-current impedances 
of the diode load for ratios between 1 and 0.5, and for direct-current load resistances 
of 150,000, 300,000, and 600,000 ohms. Also calculate and plot the approximate 
r.m.s, distortion if the original induced signal is completely modulated. 

7. Assume that a 50 per cent modulated carrier wave having an amplitude of 15 
^'olts effective is applied to the diode detector of Fig. 134, and the efficiency of rectifica¬ 
tion is O.W. Calculate (a) direct-current voltage developed for automatic-volume- 
control purposes, (6) modulation-frequency voltage developed across /?4 at moderate 
modulation frequencies, (c) radio-frequency voltage appearing across Ra when the 
radio-frequency voltage across Ci is 1 volt, and the frequency is 1000 kc. 

8. In the detector circuit of Fig. 134, calculate the impedance the diode load circuit 
offers to the rectified current at modulation frequencies of 5000 and 10,000 cycles 
(assuming Cl «« Ca “ 100 mmO and from this calculate the maximum degree of modula¬ 
tion the radio-frequency voltage applied to the diode input terminals can have at these 
modulation frequencies without distortion occurring in the rectified output. 

9. Assume that the circuit of Fig. 134 is changed by making the resistance Ri zero. 
With these new circuit conditions, calculate the r.m.s. distortion produced as a result 
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of negative peak clipping when the original carrier is fully modulated and compare 
with the distortion calculated in the example in the text. 

10 . In a diode detector, the reading of a direct-current microamineter located in 
series with the load resistance will not be affected by the presence or absence of modula¬ 
tion provided there is no clippii\g of the negative peaks. However, the microamineter 
reading will increase whenever there is clipping. P^xplain why this is the case. 

11 . Design a plate detector using a 56 tube with Eh = 250 volts and having a 
transformer-coupled output. In this design specify grid bias and maximum allowable 
carrier amplitude that can be handled, while allowing for complete modulation; (esti¬ 
mate detector plate resistance and from this specify proper primary inductance of 
plate transformer for 70.7 per cent response at 60 cycles; and estimate maximum 
audio output voltage obtainable with reasonable detector efficiency and a transformer 
turn ratio of 2. 

12 . a. In a 6C6 pentode tube with = 100 volts, the control-grid bias for imt-off 
is ~6 volts. When a carrier of 3 ^'olts crest is applied, the d-c plate current has an 
average (or direct-current) value of approximately 0.5 ma. From this information, 
design a resistance-coupled plate detector using a 6C6 tube,with E,g = 100 volts 
and Eb = 250 volts. In the design .specify coupling, grid-leak, and bias resistors and 
blocking-condenser capacitance. 

b. Make a reasonable estimate as to conversion transconductance, calculate 
the mid-frequency amplification, and compare with the gain of a resistance-coupled 
amplifier using the same tube and plate-supply voltage, as given in Tsible VI, ('hap. V. 

13 . Tubes with variable-mu characteristics are commonly employed in converters 
of the plate-detection type but are not r(M‘ommended as ordinary plati* det(M‘tors of 
modulated waves. Explain the reasons for this. 

14 . Would a pentagrid mixer tube operate if the signal were applied to grid Gi 
and the local oscillator to grid Gi? Explain. 

16 . In an oscillating detector to which there is applied a rea.sonably strong signal, 
it is found that, as the re.sonant frequency of the oscillator tuned circuit is varied 
about the frequency of the signal, the pitch of the beat note first dei^reases until a 
low value such as 4(X) cycles is reached, then cea.ses until the o.scillator circuit is tuned 
slightly to the other side of resonance, whereupon the low pitch reappears and becomes 
higher as the adjustment process continues. Explain the silence in the n gion where 
the o.scillator tuned circuit is approximately in resonance with the signal. 

16 . Two sine waves having equations e\ — Ei sin {u)\t 4- 1>i), and C 2 = Ei sin 
(to 2 ^ -f 4»2) are applied to a square-law detector. By the method of analysis given in 
Sec. 51 determine the various components of current that appear in the detector 
output. 

17 . In the vacuum-tube voltmeter circuits of Fig. 146a and 1465, what would be 
the result of omitting the by-pass condens(»r in the plate circuit? 

18 . a. Explain how a diode detector (rould be used as a vacuum-tube voltmeter by 
the addition of a microarameter. 

6. Explain why the voltmeter in a would be a peak voltmeter. 
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SOURCES OF POWER FOR OPERATING VACUUM TUBES 

84. Cathode Heating Power. —^The most frequently used sources of 
power for heating the cathodes of tubes are commercial lighting circuits 
(both alternating and direct current), direct-current generators, storage 
batteries, and dry cells and otlu^r ty[)es of primary batteries. Commer¬ 
cial alternating-current power is used wherever possible because of its 
economy and simj)licity. Direct-current generators are sometimes used 
in radio-telephone transmitters to eliminate the possibility of alternating- 
current hum. Storage batteries are employed in automobile and airplane 


<oi)Ccnfer-fc»ppeolResisfor (b) Center*fappcdTrans¬ 
former 



alternating filament current is used. 


radio equipment, and where very low hum is important. Primary 
batteries, such as dry cells and ‘^air-celP^ batteries, are used in portable 
equipment and where commercial power sources are not available. 

AUcrnating-currcnt Hum .—When 60-cycle a-c current is used to heat 
the cathode of a tube, there is always the possibility of introducing 
60-cycle and 120-cycle components into the plate current, and also of 
modulating at these frequencies any signal voltages being amplified. 
These effects give rise to what is commonly termed aUernating^urrerd 
hum^ since the result is a low-pitch hum appearing in the loud-speaker. 

In filament tubes 60-cycle hum can be eliminated by bringing the grid 
and plate return leads to a point that has the same potential as the center 
of the filament. This can be done either by means of a center-tapped 
resistance across the filament as shown in Fig. 147a, or by a center-tap 
on the filament transformer as in Fig. 1476. However, there still remains 
a residual 120-cycle hum resulting from the magnetic field produced by 
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the filament current and from the fact that the filament is not an equi- 
potential surface.^ 

The use of heater-type tubes reduces the hum to a low value. There 
is, however, still a residual hum resulting from such influences as the 
magnetic field of the heater current, electrostatic fields from unshielded 
portions of the heater and heater leads, etc. 

86. Grid-bias Voltage. —The grid bias for voltage-amplifier tubes is 
ordinarily derived from the plate-supply voltage by means of a self-bias 
resistance as illustrated in Figs. 55 and 148. This arrangement produces 
a bias by making the cathode positive with respect to the grid. The 
bias voltage is equal to the product of bias resistance and total space 
current and is accordingly controlled by the amount of resistance. In 
the case of pentode, screen-grid, and beam tubes, it is necessary to keep 
in mind that the total space current includes the screen current. 


(a) 



^ Bias res/s for 


^Bypass condenser 



B/ofS resisfor' 
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Fig. 148.—Methods of using the plate-supply voltage to make the grid negative with 

respect to the cathode. 


The bias resistance must be by-j)assed with a condenser such that the 
amplified currents flowing in the plate circuit will produce negligible 
voltage between cathode and ground. Any voltage developed across the 
bias resistance by the amplified gurrents is superimposed upon the applied 
signal and so modifies the amplification. In order for the by-passing of 
the self-bio^ resistance to be adequate, the voltage developed cLcross the bias 
impedance by the amplified plate current must be small compared with the 
signal voltage being amplified.^ There is no difficulty in meeting this 
requirement at radio and the higher audio frequencies, but at low audio 
frequencies the capacitance required tends to become large. 

^ It might be thought that the use of a-c current to heat a filament would introduce 
hum as a result of temperature variations of the cathode. Actually, however, the 
ratio of heat energy stored in a filament to the rate of heat energy radiated is such 
that, with 60-cycle heating current, temperature fluctuations are so small as to 
introduce negligible hum. 

’If the by-pass condenser is omitted, the voltage developed across the bias 
resistance by the amplified plate current opposes the signal voltage, and introduces 
negative feedback, such as discussed in Sec. 48. This method of obtaining negative 
feedback is often employed in resistance-coupled amplifiers in preference to an 
arrangement of the type shown in Fig. 77. 
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The grid-bias voltage is sometimes obtained from the resistance drop 
in the plate filter inductance. This can be done with the circuit arrange¬ 
ment of Fig. 148c, in which the filter choke is placed in the negative lead 
of the plate-supply system, and a resistance-condenser combination used 
to prevent ripple voltages developed across the filter choke from reaching 
the grid of the tube. Such an arrangement is often used with power- 
amplifier tubes, because it requires less plate-supply potential than do 
self-bias arrangements. 

The grid bias for very large tubes, such as water-cooled tubes, is 
obtained in a variety of ways. Direct-current generators, self-bias 
resistances, rectifier-filter systems, and grid-leak arrangements are all 
employed to some extent. 

Battery bias, which was once universally employed in all vacuum- 
tube amplifiers, is now used only in laboratory equipment or where 
voltages for plate and cathode are also obtained from batteries. 

86. Rectifiers for Supplying Anode Power.—The anode power 
required by vacuum tubes is ordinarily obtained by rectifying commercial 
60-cycle power and using a filter system to convert the rectified output 
into substantially pure d-c current. The rectifiers for this purpase are 
usually two-electrode tubes, of either the high-vacuum type or hot- 
cathode mercury-vapor type, according to the circumstances. 

High‘Vacuum Thermionic Rectifiers .—The high-vacuum thermionic 
rectifier consists of a vacuum tube containing an electron-emitting cathode 
surrounded by an anode or plate electrode. Such a two-element tube 
acts as a rectifier because it will pass current only when the plate is posi¬ 
tive with respect to the cathode and so, when placed in series with an 
alternating supply voltage, wMl permit current to flow in only one 
direction. 

The important characteristics of the high-vacuum thermionic tube 
are the allowable peak plate current and the maximum allow^able peak 
inverse voltage. The peak plate current represents the maximum elec¬ 
tron emission that the cathode can be counted upon to supply during 
the useful life of the tube while maintaining a full space charge. Since 
the rectifier never allows current to flow^ for more than half the time, the 
average plate current, t.e., the d-c output current, will never exceed one- 
half the peak plate current, and may be less. The maximum allowable 
peak inverse voltage is the largest negative voltage that may be applied 
to the plate with safety, and it determines the direct-current voltage 
that can be obtained from the rectifier tube. The exact relationship 
between direct-current output voltage and the actual inverse voltage 
depends upon the rectifier circuit employed, but in general the inverse 
voltage will be at least as great as the direct-current voltage, and in 
certain rectifier connections will be tt times as great. 
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High-vacuum thermionic rectifier tubes are constructed in much the 
same way as the corresponding power tubes. In fact, some types of 
rectifier tubes are merely standard filament-type three-electrode tubes 
with the grid omitted. The principal exception to this is in the case of 
small rectifiers used in supplying anode power for radio receivers, where 
the low inverse voltages encountered permit special constructions that 
place the plate very close to the filament. The characteristics of a num¬ 
ber of representative high-vacuum thermionic* re(*tifiers are shown in 
Table XIV. 

Table XIV.— CnARACTERisTirs of Typical Hioh-vacuum Theumionk’ Rec tifier 

Tubes 


Rating j Filament data 


Type 

Maximum 
allowable 
peak plate 
current, 
milli- 
amperes 
(approx.) 

Maximum 

safe 

inverse 

voltage 

Voltage 
drop with 
one-half 
peak 
current 

Volts 

Amperes 

Watts 

Type 

80* 

250 

1,400 

62 

5 

2 

10 

Oxide 

hlament 

bZZ* 

500 

1,400 

61 

5 

3 

15 

Oxide 

hlamcnt 

83 V* 

400 

1,100 

22 

5 

2 

10 

Heater 

84* 

120 

1,000 

17 

6.3 

j 0.5 

3 2 

Heater 

81 

340 

2,000 

120 

* 

7.5 

1.25 

9.4 

Oxide 

hlament 

217A 

600 

3,500 

i 

; i 

' 210 

10 

3.25 

32.5 

Thori- 
ated fila¬ 
ment 

836 

i,ooot 

5,000 j 

110 

2.5 

5 

12.5 

Heater 

214t 

7,500 

50,000 

2,000 

j 

22.0 

52.0 

1,144 

Tung- 
sten fila¬ 
ment 


♦ These tubee have two cathodes and two anodes, and so are eanentiully two half-wave rectifiere in 
one envelope. The allowable plate current and voltage drop are given for u single anode, b»it the fila¬ 
ment data are for both filaments. 

t The maximum allowable average plate current in this tube is 0.25 amp. 

X This is a water-cooled tube now becoming obsolete. 

The Hot-cathode Mercury-vapor Rectifier .—The hot-cathode mercury- 
vapor rectifier is essentially a high-vacuum thermionic rectifier that con¬ 
tains mercury vapor in equilibrium with liquid mercury. The presence 
of the mercury vapor makes the characteristics very different from those 
of a high-vacuum rectifier tube, as explained in Sec. 33. When the plate 
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potential of a hot-cathode mercury-vapor tube reaches 15 to 20 volts, 
ionization of the mercury takes place and the tube is able to draw the 
full electron emission of the cathode without further increase in plate 
potential. This is because the positive ions produced by the collisions 
of the electrons with the mercury vapor drift back toward the cathode 
and neutralize the negative space charge that would otherwise surround 
the cathode. The full space current can then be attracted to the plate 
with a plate potential that is merely sufficient to maintain the ionization. 

Since the positive ions eventually fall into the cathode, it might be 
thought that the cathode life of hot-cathode mercury-vapor tubes would 
be very short. Experiments have shown, however, that if the plate is 
never allowed to become more than 22 volts positive with respect to the 
cathode, the positive-ion bombardment of the cathode produces no 
injurious effect. 

The important characteristics of the hot-cathode mercury-vapor 
rectifier are the maximum allowable peak plate current, the maximum 
permissible average anode current, and the maximum safe inverse plate 
voltage. The peak plate current is determined by the electron emission 
that can be obtained from the filament and is unaffected by the presence 
of the mercury vapor. The safe averages curnuit is determined by the 
allowable heating of the plate. The maximum safe inverse plate voltage 
is the sparking voltage through the low-pressure mercury vapor and is 
less than for a corresponding high-vacuum tube. 

The hot-cathode mercury-vapor tube must be operated with much 
more care than high-vacuum rectifiers. Thus the cathode of such a tube 
should be brought to full oj)erating temi>erature before the plate voltage 
is applied, for otherwise the voltage drop in the tube during the warm¬ 
ing-up process will exceed the cathode-disintegration value, and the 
cathode will be permanently damaged. It is also necessary to avoid 
short circuits and momentary overloads because permanent damage to the 
cathode will result if the voltage drop exceeds 22 volts even for only a 
short time. 

The distinctive constructional features of a hot-cathode mercury- 
vapor tube are the relatively small envelope, relatively small plate, and 
an oxide-coated (‘athode having a filament voltage never over 5 volts. 
The small envelope and plate can be used even in tubes having the highest 
anode current ratings, because of the low power loss in the tube. The 
plate is usually in the form of a cup fitting over the cathode as in Fig. 149, 
because this reduces the tendency to flash ba(^k and also shields the plate- 
cathode space from external electrostatic fields. Oxide-coated cathodes 
are used because of their high efficiency. Low filament voltages are 
necessary because the total voltage drop in the tube is normally only about 
15 volts, and the filament potential should be small compared with this. 
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Compared with the high-vacuum rectifier, the hot-cathode mercury- 
vapor tube has the advantage of higher efficiency, better voltage regula¬ 
tion, lower filament power, and low first cost. At the same time, the 
mercury-vapor tube has a limited inverse-voltage rating, displays a 



Fig. 149.—Typical hot-cathode mercury-vapor tubes. 

tendency to fla.sh back, produces radio-frequency transients, and will 
suffer damage to the cathode as a result of momentary overloads. When 
these considerations are balanced together, the result is that the hot- 
cathode mercury-vapor tube is found to be best for use with transmitters. 


Table XV.— Characteristics op Typi(?al Hot-cathode MEacuRY-VAPOR Tubes 


Type 

Rating 

Filament data 

Maximum 
allowable 
peak plate 
current, 
amperes 

Maximum 

allowable 

average 

plate 

current, 

amperes 

Maximum 

safe 

inverse 

voltage 

VolU 

Arnp^^res 

Watts 

866 

1.0 

0.260 

7,600 

2.6 

6 

12.6 

866A 

1.0 

0.260 

10,000 

2.6 

6 

12.6 

872 

5.0 

1.26 

7,600 

6 

10 

60 

872A 

6.0 

1.26 

10,000 

6 

6.76 

33.75 

860A 

10.0 

2.6 

20,000 

6 

18 

00 

857 

40.0 

10 

22,000 

5 

30 

150 

870 

j 

460 

76 

16,000 

6 

65 

326 
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where the large powers involved make economic considerations impor¬ 
tant, but not in radio receivers where ruggedness and freedom from 
radio-frequency transients are fundamental considerations. 

Characteristics of typical hot-cathode mercury-vapor rectifier tubes 
are given in Table XV. 

87. Rectifier Circuits. —Rectifiers operating from a single-phase 
source of power ordinarily employ either the center-tapped or bridge 
circuits shown in Fig. 150. Both these arrangements give full-wave 
rectification and deliver a voltage such as shown in Fig. 150c to a resist¬ 
ance load. The center-tapped circuit is usually preferred with tube 
rectifiers because then only two tubes are required, whereas the bridge 
circuit is normally used with cop{)cr-oxide rectifiers. 


(a) Full-wave Circuit with (b) Full-wave Bridje Circuii (c) Wave Forms for 
Center-tapped Transformer Resistance Load 



Fio. 150.—Rectifier circuits for operation with single-phase power sources together with 
wave form of voltage developed across a resistance load. 

Polyphase Circuits ,—When a polyphase source of alternating power 
is employed, the number of possible rectifier connections is almost 
unlimited, although only relatively few of these are of practical impor¬ 
tance. The polyphase rectifier circuits most commonly used in radio 
work with three-phase power sources are shown in Fig. 151, and develop 
voltages across a resistance load that have the wave forms indicated in 
the figure. 

In the three-phase half-wave rectifier the current is carried by the 
anode that is the most positive at that moment. Each of the three tubes 
accordingly carries the current one-third of the time, and the output 
voltage pulsates at three times the supply frequency as shown in Fig. 
151a. In order to avoid direct-current saturation of the core of the 
transformer, it is necessary to employ a three-phase transformer rather 
than three single-phase transformers. 

The circuit of Fig. 1516 is essentially two three-phase half-wave 
rectifiers connected in parallel but with the polarity of each secondary in 
the second transformer reversed from the polarity of the corresponding 
secondary of the first transformer. In this way the output is relatively 
steady, and what pulsations there are have a frequency that is six times 
the supply frequency, as shown. The neutrals of the two three-phase 
half-wave rectifiers are connected together through a center-tapped 
inductance (often called an interphase reactor, or a balance coil) as 
shown in Fig. 1616, so that each three-phase rectifier operates independ- 
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ently. In this way there are always two tubes to carry current at any 
one time, whereas if the reactor were omitted only one tube at a time 
would carry current, and the output would be reduced accordingly. 

The three-phase full-wave rectifier circuit shown at Fig. 151c gives 
the same output wave as does the double three-phase half-wave rectifier 
of Fig. 1516 but differs in that the tubes are arranged so that full-wave 
rectification is obtained through each leg of the secondary winding. 
This circuit requires only one three-phase secondary and no interphase 


(a) Three-rphoise Hc3»lf-woive Rec+ifier Circuit 



(b) Three-photse Hoilf-woiv© Double-Y Rectifier Circuit 



^c) Three-phcuse Full-wCTve Rectifier Circuit 



Fiq. 151.—Rectifier circuits for operation with three-phase power sources together with 
wave forms of voltage developed across resistance load. 

reactor, but the filament transformer for the rectifier tubes must have 
four separate secondaries. 

Polyphase rectifiers are used where the direct-current power required 
is in the order of 1 kw or more. Compared with the single-phase circuits, 
the polyphase rectifiers develop an output voltage wave that is much 
closer to a steady direct-current potential, and the more desirable poly^ 
phase circuits give a higher output voltage in proportion to the peak 
inverse voltage and also utilize the possibilities of the transformer more 
effectively. 

88* Filter Circuits Having a Series-inductance Input. —The pulsating 
voltage delivered by the rectifier output can be smoothed into a steady 
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direct-current voltage suitable for applying to the anode circuit of a 
vacuum tube by being passed through an electrical network called a 


Filters with Series-indoctcince Inputs 





'load 


\resisfance I 




Filters with Shunt-condenser Inputs 
Filter 

d I Filter I e j<l Section)! 


, Filter 
f I (2 sections)! 





II 1,1 I 

Fiq. 152.—The filter rirruits mo.st eoniinonly employed to smooth the pulsating rectifier 
output into a .steady direct-current voltage. 


Transformer ; ,.‘Recfif/er 
^////er 

I - - - — AAaAA- 
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(b) Voltoige Relations 
Rpe^/ f/er oo'f^puf 



Voffage 

across 

loao/> 


filter, which ordinarily consi.sts of series inductances and shunt condensers. 
The mast commonly used filter circuits (c) circuit of Rectifier end Filter 
are those shown in Fig. 152 and may 
be dividt'd into two general classes 
according to whether the input consists 
of a series inductance or a shunt 
condenser. 

The action that takes place in a 
pro[)erly adjusted filter having a series- 
inductance input can be understood 
from an examination of the oscillograms 
of Fig. 153 for the case of a full-wave 
single-pthTse rectifier delivering its out¬ 
put to the filter of Fig. 1526. When 
the input inductance is infinite, the 
current through the inductance is 
constant and is carried by the anode 
that has a positive applied voltage. As 
the applied alternating-current voltage 
being rectified passes through zero, 
the current suddenly transfers from 
one anode to the other, giving square 
anode current wavas as shown by the 
dotted lines in Fig. 153d. When the 
input inductance is finite and not too 
small, the situation is as shown by 
the solid lines of Fig. 153. The current through the input inductance 
then tends to increase when the output voltage of the rectifier exceeds the 


(c) Cu»'rctn+ in Induc+ancc 


'-'Finiie Inoiuchince '-/nfthde inducfance 

(d'' Currenfs in Individual Tubes 
Tube I 

! input 
inductance 


Tube n 


'^Finite input 


Fig. 163.—Osi'illograms showing ac¬ 
tion taking place in filter having a series- 
inductance input, when supplied power 
from a single-phase full-wave rectifier. 
These curves are idealized in that they 
neglect transformer leakage reactance, 
tul)e drop, and the effect of energy losses 
in the filter inductances and condensers. 
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average or direct-current value, and to decrease when the rectifier output 
voltage is less than the direct-current value, as shown by Fig. 153c. This 
causes the current through the individual anodes to be modified, as 
shown by Fig. 153d. If the input inductance is too small, the current 
decreases to zero during a portion of the time between the peaks of 
rectifier output voltage, and the conditions then correspond to a con- 
denser-input filter, system, as discussed in the next section. 

The current through the input inductance consists of a direct-current 
component upon which is superimposed an alternating component. 
The first shunt condenser following the input inductance tends to short- 
circuit this alternating component, and hence develops a potential across 
its terminals that is almost a pure direct-current voltage. However, 
if the residual fluctuations in voltage are greater than can be tolerated, 
an additional filter section as shown in Fig. 152c can be added to give 
additional reduction of the alternating voltage appearing in the output. 

Analysis of VoUage Delivered hy Rectifier to the Filter .—The action 
taking place in a filter having an input inductance of adequate size 
to maintain a continuous flow of current from the rectifier can be cal¬ 
culated with an accuracy suflScient for most practical purposes by con¬ 
sidering that the rectifier applies to the filter input a voltage having the 
wave shape shown by the idealized curves of Figs. 150 and 151. This 
neglects the leakage reactance and resistance of the supply transformer, 
and the voltage drop in the rectifier, but is justified because both these 
factors are merely modifying influences in rectifier-filter systems of the 
type used in supplying anode power. 

The idealized output wave of the rectifier may be considered as con¬ 
sisting of a direct-current component upon which are . superimposed 
alternating-current voltages termed ripple voltages. Thus, in the case 
of the full-wave single-phase rectifier, the output wave has the equation. 


Output voltage of single-phase full-wave rectifier = 



1 — 2 cos 2o)t 


2 2 

^ cos 4w/ — COS 6w/ 
15 35 



(107) 


where E represents the crest value of the alternating-current voltage 
applied to the rectifier tube, and w is the angular velocity (2ir/) of the 
supply frequency. In this case the direct-current component of the 
output wave is 2/t times the crest value of the alternating-current wave. 
The lowest frequency component of ripple in the output is twice the 
supply frequency and has a magnitude that is two-thirds the direct- 
current component, and the remaining ripple components are harmonics 
of this lowest frequency component. 

Table XVI gives analyses for the waves delivered by the rectifier 
connections of Figs. 150 and 151. It will be observed that in the three* 
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phase half-wave rectifier the lowest ripple frequency is three times the 
frequency of the power supply, whereas in the three-phase full-wave 
rectifier it is six times that of the power supply. In all cases the ampli¬ 
tude of the ripple components diminishes rapidly as the order of the 
harmonic is increased. The ripple voltages are much less for the three- 
phase half-wave rectifier than for the single-phase connection and are 
still less for the arrangements of Figs. 1516 and 151c. 

Calculation of Direct-current and Alternating-current Components of 
Filter Output. —If the voltage drop in the rectifier, and the resistance and 
leakage reactance of the supply transformer are neglected, the direct- 
current voltage applied to the filter input is related to the alternating- 
current transformer voltage as indicated by line a of Table XVI. The 
regulation of the output voltage is then the regulation that would result 
from the filter resistances. Actually, the resistance and the leakage 
reactance of the supply transformer and the voltage drop in the rectifier 
tube slightly reduce the output voltage and make the regulation appre¬ 
ciably poorer, although Table XVI still gives the magnitude of the 
direct-current output voltage delivered to the filter input with an accuracy 
sufiicient for most purposes. 

The alternating-current voltage that appears across the output of 
the filter is the potential developed when the alternating-current ripple 
voltages given in Table XVI are applied to the filter input. Since the 
smoothing action of the filter results from the fact that the series induc¬ 
tance of the filter chokes out these alternating-current voltages, whereas 
the shunt condensers tend to short-circuit them, the output condenser 
must have a reactance that is low compared with the load resistance, and 
each inductance must have a high reactance compared with the reactance 
of the condenser that immediately follows it. Furthermore, the input 
inductance must also have sufficient reactance in relation to load resist¬ 
ance to satisfy Eq. (109) if current is to flow into the filter throughout the 
cycle. 

An exact determination of the alternating-current voltage that appears 
across the output of the filter involves considerable labor because of the 
complicated electrical network involved, but for most purposes it is 
permissible to simplify the analysis by assuming that the reactance of 
each condenser is small compared with the reactance of the inductances 
immediately preceding and following the condenser, and that the reactance 
of the output condenser is small compared with the load resistance. The 
fraction of the alternating-current ripple voltage applied to the filter 
input that reaches the filter output is then given by the following 
equations.^ 

' The derivation of relations, such as those given by Eq. (108a), is as follows: 
The a-o current that flows in Lt as a result of an applied voltage E is E/cJji if the 
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For the filter of Fig. 152a: 

Alternating-current voltage across load _ B /mo % 

Alternating-current voltage applied to input ~ \/R^ + (uL^^ ^ 

♦ 

In these equations co is the angular velocity (2^/) corresponding to the 
frequency of the component involved, and the alternating-current volt¬ 
age applied to the input is given by Table XVI for different rectifier 
connections. 

An examination of Eqs. (108) shows that the filtering action increases 
very rapidly with the number of filter elements, i,e., the number of induc¬ 
tances and capacitances. The filter is also seen to be more effective the 
high(‘r the frequency, and this, coupled with the fact that the largest 
component of the ripple voltage in the rectifier output is always the 
one having the lowest frequency, makes it permissible to neglect all 
frequency components in the rectifier output except the fundamental in 
ordinary cal(*ulations of the ripple voltage that appears across the load. 

Factors Involved in the Design of Rectifier-filter Systems .—The input 
inductance of a filter should be of sufficient size to maintain a continuous 
flow of current from the rectifier. With polyphase circuits any induc¬ 
tance ad(’quate for filtering will meet this requirement. However, with 
single-phase full-wave rectifiers, a continuous flow of current requires 
that^ 


L, ^ (109) 

where Li is the input inductance, is the effective load resistance, i.c., 
the actual load resistance plus direct-current resistances of the filter 
inductances, and the supply frequency is 60 cycles. It is seen that, for a 
given inductance Li, Eq. (109) will fail to be satisfied when the load resist¬ 
ance exceeds a critical value that is proportional to the input inductance. 

When Eq. (109) is not satisfied, the action becomes similar to that 
existing with shunt-condenser filter systems, as described in the next 
section. The voltage across the filter input then depends on the load 
re^sistance, thereby causing the voltage regulation to be poor, and also 
producing other changes in behavior. 

^ In order to insure a continuous flow of current in the rectifier, the crest value of 
the alt<ernating current flowing through the input inductance must not exceed the 
average or direct current. The direct current is equal to the direct-current voltage 
in the rectifier output divided by /4ff, and the crest alternating current in the first 
inductance is very nearly equal to the fundamental ripple-frequency voltage contained 
in the rectifier output divided by the reactance wLi of the input inductance to this 
lowest frequency component of the ripple voltage. Equation (109) follows when this 
is applied to the single-phase case in Table XVI. 
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When the load resistance varies through a wide range it is often neces¬ 
sary to shunt a resistance, commonly called a bleeder resistance, across 
the output so that Eq. (109) will still be satisfied at light loads. Even 
then, with a bleeder drawing a reasonable proportion of the total current, 
the input inductance required will normally be larger than needed for 
suppressing ripple. An economical way of meeting this situation is to 
make the air gap of the input inductance small so that the incremental 
inductance is high with small currents. With large currents the incre¬ 
mental inductance drops, but Eq. (109) is still satisfied, and the filter¬ 
ing, though not so perfect as with a larger input inductance, is still 

adjusted to operate in this way is 
called a swinging choke. 

The ratio of average to peak 
anode current ^ depends primarily 
upon the rectifier cdnnection and 
upon the size of the input induc¬ 
tance. Table XVI gives the results 
for the common circuits when the 
input inductance is infinite. When 
the input inductance is finite, the 
peak anode current is a little greater 
as a result of the variations in the 
inductance current, as seen in Fig. 
153. 

The maximum inverse voltage 
that the rectifier tube will be called 
upon to withstand depends upon the 
rectifier connections, and may vary 
from only slightly more than the 
mauciance. -direct-current output up to tt times 

this potential. Values for the commonly used circuits arc given in Table 
XVI. 

A transformer used to supply power to a rectifier will normally run 
hotter than when delivering the same amount of energy to a resistance 
load because of the irregularly shaped current waves drawn by the recti¬ 
fier. Thus in the case of the full-wave single-phase rectifier the current 
waves with a large input inductance have the shape shown in Fig. 164. 
The ratio of direct-current power output to the normal alternating-current 
rating for the same transformer copper losses is called the utilization 
factor of the transformer and depends upon the rectifier connections. 
Table XVI gives the utilization factor of the primary and 
secondary windings for some of the more commonly used rectifier 
connections. 


acceptable. An input inductance 

Rec+ifier Circui+ ^ 

ACSvp^ 

Currenrt in One Holf of Secondary 



Current in O+her Half of Secondary 


Current In Primory 


r 


Fio. 154.—Wave shapes of current in 
primary and secondary windings of a 
center^tapped transformer supplying a 
single-phase full-wav'e rectifier operat¬ 
ing into a filter with large series-input 
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By making use of Eqs. (108) and Table XVI, it is possible to design 
rectifier-filtei; combinations having an input inductance and to calculate 
everything about the performance except the voltage regulation^ with 
an accuracy that is sufficient for most practical purposes. The method. 
by which this is done is illustrated by the following example: 

Example. —It is desired to design a three-phase half-wave rectifier-filter system to 
operate from a 60-cycle power supply and to deliver a direct-current output of 2500 
volts and 0.4 amp. with a ripple that must not exceed 2 per cent. 

If the direct-current resistance of the filter inductances is neglected, the rectifier 
must deliver a direct-current output voltage of 2500 volts, and Table XVI shows that 
the r.m.s. voltage which each secondary leg must develop is 2500 X 0.855 = 2135 volts. 
Since the utilization factors of the primary and secondary, as given by Table XVI, are 
0.827 and 0.675, respectively, each leg of the primary must have a rating of 

^00X0.4 _ 

(3 X 0.827) 

and each leg of the secondary a rating of 2500 X 0.4/(3 X 0.675) = 493 watts. Ten¬ 
tative calculation based on Eq. (1086) shows that the filter of Fig. 1526 with C\ =1.0 ^if 
and Li = 9.8 henries will keep the ripple voltage down to 2 per cent and will be gen¬ 
erally satisfactory. Reference to Table XVI shows that the peak anode current 
would be 0.4 amp. for infinite input inductance, and the maximum inverse voltage 
that each rectifier must stand is 2500 X 2.09 = 5225 volts. Type 866 mercury-vapor 
tubes (see Table XV) will meet tliese requirements. In actual practice the secondary 
voltage of the transformer would be made greater than 2135 volts by perhaps 10 per 
cent to compensate for the loss of voltage causeci by the resistance of the filter induc¬ 
tance, the voltage drop in the rectifier, the leakage reactance of the transformer, and 
the transformer resistance. 

89. Filter Circuits Having a Shunt-condenser Input. —When the 
input to the filter Is a shunt condenser, the action is somewhat different 
from that which takes place when a series inductance is used, as is appar¬ 
ent from the oscillograms of Fig. 155. Each time the crest alternat¬ 
ing-current voltage of the transformer is applied to one of the rectifier 
anodes, the input condenser charges up to just slightly less than this peak 
voltage and then discharges into the first inductance until another recti¬ 
fier anode reaches a peak potential, when the condenser is charged again. 
^ The rectifier current flows only a small part of the time, since during 
mast of the cycle the condenser is more positive than all the anodes. 
During the discharg(‘ period the condenser voltage drops off nearly linearly 
because of the fact that the first filter inductance draws a substantially 
constant current from the input condenser. The result is that the input 
condenser applies a saw-toothed voltage wave to the first inductance. 

^ Methods have also been devised for calculating the voltage regulation, but these 
are so complicated as to be beyond the scope of this book. For further information 
see D. C. Prince and F. B. Vogdes, ‘‘Mercury-arc Rectifiers and Their Circuits,” 
McGraw-Hill Book Company, Inc., New York. 
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(al Actual Circuit 

Transformer, tPecfiffer FUfer 

* V / 



(b) Actual Shape of Voltage Wave Across Input 
Condenser C 



(c) Actual Wave Shape of Current Flowing Through 
Tube 



Fia. 155.—Circuit of condenser-input filter system together with oscillograms showing 
operation under typical conditions. 
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Resistance Plus Filter Choke Resistance Resistance Plus Filter Choke Resistano 

Fio. IM.-^harts gii^g performance of condenser-input filter systems for 60-cyclo power 
swrce and full-wave rectifier. In these curves A is tube resistance plus transformer resistance 
of one half of wcondary with primary shorted, and L is leakage inductance referred to half 
secondary with primary shorted. 
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This first inductance and the remainder of the filter then act to prevent 
the ripple component of voltage across the input condenser from reaching 
the load, in accordance with Eqs. (108). 

An analysis of the voltage and current relations existing in the con- 
denser-input filter system gives the results shown in Fig. 156,^ in which 
the direct-current voltage across the input condenser, the peak space 
current through the rectifier tube, and the ripple voltage are expressed 
as a function of load resistance for various parameters, assuming a 60-cycle 
power source and the full-wave rectifier circuit of Fig. 155a. 

The use of the curves of Fig. 156 in calculating the performance 
of condenser-input filter systems can be understood by the following 
example: 

Example.—A load of 4000 ohms is to be supplied by direct current from a con¬ 
denser-input rectifier-filter system. The power transformer develops a potential of 
300 volts r.m.s. on each half of the secondary. The effective leakage inductance 
and resistance are 40 mh and 125 ohms, respectively, and a Type 80 rectifier tube is 
used. The input condenser is 4 /uf, and is followed by a single-section filter con.sisting 
of a 10-h choke with 400 ohms resistance and an 8-^f condenser across the output. 

The first step in the solution is the determination of the effective load and source 
resistances. The former is the actual load resistance plus the choke resistance, or 
4000 -b 400 = 4400 ohn\s. The average resistance of the recdifier tube is, from 
Table XIV, approximately 62/0.125 = 498 ohms, so that the source resistance is 
125 -f 498 = 623 ohms. Reference to Fig. 156 .shows that, for these values of source 
and load resistances and input capacity, one has 



For L = 0 

For /v = 0.1 

For L = 0.040 

E,/E . 

0.73 

0.73 

4).73 

I max /1 0 . 

! 2.9 

3.00 

2.95 

Eh/Eq . 

0.12 

0.115 

0.117 


The last column is obtained by interpolation between tlie first two. Prom this column 
one has: 

D-c voltage across input condenser = 0.73 X 3(X)'\/2 = 309 
D-c voltage across actual load — 309 X 4000 4400 = 281 
I3-C current in load = 309/44(K) = 0.0703 amj). 

Peak space current = 0.0703 X 2.95 = 0.207 amp. 

Ripple voltage across input condenser = 0.117 X 309 = 36 volts crest 
Ripple voltage acro.ss load [from Kq. (1085)] 

36 

“ (764)« X 10 X 8 >06-‘ "" ' 

Discussion of Properties. —Examination of Fig. 156 shows that the 
diro(!t-curront voltage developed aeross the inpnt of a shunt-eondenser 

‘ For (Ictaila of the aimlysis see j). 492 of the author’s book “Radio Engineering,’ 
2d ed. 
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filter syTstem depends primarily upon the load resistance. When this 
resistance is high the direct-current voltage approaches the crest ampli¬ 
tude of the applied alternating voltage that is being rectified. When 
the load resistance is reduced, the increased rate of discharge of the input 
condenser lowers the average voltage across the condenser, and if the 
resistance is very low the voltage will approach the value obtained with 
inductance input. 

The ripple voltage developed across the input condenser of the filter 
is approximately inversely proportional to the input-condenser capaci¬ 
tance, and becomes leas as the load impedance is increased, as is seen from 
Fig. 156. This is because a high load resistance, or a large input con¬ 
denser, reduces the extent that the input-condenser voltage drops off 
during the period that this condenser discharges into the filter system. 
As the load resistance is varied from infinity to a relatively low value, the 
ripple voltage varies from zero to a value approaching that obtained with 
inductance input. 

The ratio of peak to average current when a condenser-input filter 
system is employed is always greater than with inductance input, because 
of the fact that the current flows in the form of pulses, rather than 
continuously. The ratio of peak to average current with shunt-con- 
denser input becomes greater the higher the load resistance, although 
the actual magnitude of peak current decreases as the load resistance 
increases. Because of the very peaked character of the current waves 
obtained when the rectifier delivers its output to a shunt-condenser 
system, the utilization factor of the transformer is relatively poor. 

Compared with the series-inductance filter system, the shunt-con¬ 
denser arrangement is seen from the above factors to give more direct- 
current output voltage from^a given transformer, and to have less ripple 
voltage across the input of the filter. At the same time, however, the 
shunt-condenser system has much poorer voltage regulation, a higher 
peak plate current in proportion to d-c load current, and a poorer trans¬ 
former utilization factor. 

Filters with shunt-condenser inputs are generally employed in radio 
receivers, public-address systems, etc., when the amount of direct- 
current power required is small. An inductance-input arrangement is 
used whenever good regulation of the direct-current voltage is important, 
as in Class B amplifiers. Inductance-input systems are also used when 
the amount of power involved is large, because the higher utilization 
factor and lower peak current result in important savings in tube and 
transformer costs. Inductance-input systems are ordinarily employed 
in polsrphase rectifiers. 

90. Filter Systems. Miscellaneous Comments. —The condensers 
used in filters must be capable of corUinuoualy withstanding a direct- 
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current voltage that is equal to the maximum direct-current voltage that 
can be delivered by the rectifier output. Ordinarily a single condenser 
should be used to withstand the entire voltage, rather than several 
condensers in series. When condensers are in series, the direct-current 
voltage stress divides between them in proportion to their leakage 
resistances rather than to their dielectric strength, and the leakage 
resistances are variable and uncertain. 

The inductance coils used in the filter must have laminated iron cores 
with an air gap that is sufficient to prevent the direct current from 
saturating the iron. The inductance that is effective to the a-c currents, 
the incremental inductance, will vary with the superimposed d-c 
current as discussed in Sec. 7, and will normally be greatly lowered by the 
presence of the d-c current. 

In cases where it is necessary for the ripple voltage to be very small, 
as at the anode of the first tube of a high-gain audio-frequency amplifier, 
it is customary to use a resistance-condenser filter in the circuit of the 
individual tube, in addition to the regular inductance-condenser filter 
of Fig. 152. This is illustrated in the amplifier of Fig. 75, where the 
filters that are shown for the purpose of avoiding coupling from a common 
plate impedance also serve as resistance-condenser filters to reduce the 
ripple voltage applied to the plates and screens of the first two tubes. 
The reduction in ripple produced by an individual stage of resistance- 
condenser filtering is given by the equation 

Alternating-current voltage across load} _ 1 

Alternating-current voltage applied to input} iiwC ^ 

where it is assumed R » 1/coC, and the notation is 
R = series resistance of filter 
C = shunting capacitance of filter 
« = 27r times the ripple frequency involved. 

91. Miscellaneous Supply Systems. Vibrator Systems ,—Where the 
only available power is d-c current at low voltage, such as a storage 
battery in the case of automobile radio receivers, direct-current plate 
power may be obtained by using a vibrating contact to change the d-c 
current from the battery into a-c current. This is then stepped up in 
voltage by a transformer and rectifier to produce high-voltage direct- 
current power. A typical vibrator circuit is shown in Fig. 157, in which 
the vibrator operates on the same principle as the ordinary buzzer. The 
condenser Ci is for the purpose of minimizing sparking at the contacts, 
while Ci and the radio-frequency chokes are to isolate radio-frequency 
transients that are produced by the vibrator. The output voltage of the 
vibrator transformer can be rectified by a tube or by means of additional 
contacts mounted upon the vibrator armature, as in Fig. 157. 
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The vibrator represents an inexpensive means of obtaining plate 
power from a storage battery, but has the disadvantage of a limited life 
and of requiring a relatively complicated filtering and shielding system 
to prevent surges from producing interference in the radio receiver. 

Dynamotor .—A dynamotor is a com¬ 
bined motor and generator having two 
or more separate armature windings and 
a common field circuit. One of the 
armature windings is operated from a 
low-voltage direct-current power source, 
commonly a storage battery, to give 
motor operation, and the other wind¬ 
ings then serve as generators to produce 
the desired direct-current voltages. 

Fig. 157.—Circuit diagram of vibrator rv i. • 

power supply. Dynamotors using iierinancMit-mag- 

net fields and opt^rating* from a storage 

battery are often used for supplying the anode power n'quired 

by automobile radio receivers. Compared with the vibrator systems 
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Fio. 158.—Interrupted continuous waves generated by applying an alternating-current 
voltage directly to the i)iate of an oscillator. 
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the dynamotor has the -advantage of longer life and I(*ss trouble from 
radio-frequency surges, but is considerably more expensive. 

Self-rectifying Circuits .—If an alter¬ 
nating voltage is applied directly to the 
plate of an oscillator or power amplifier 
in place of the usual direct-curnmt 
potential, the tube will operate on the 
positive half cycles of the applied volt¬ 
age and so will generate wave trains 
having the character shown in Fig. 158. 

These are known as interrupted con¬ 
tinuous waves (abbreviated I.C.W.) and 
are sometimes used in radio telegraphy. 

Another type of self-rectifying circuit is 
shown in Fig. 159, in which the two plates of a two-tube oscillator 
are supplied with alternating-current voltages that are 180° out of 
phase, and a large inductance is inserted in the common filament return 



Fig. 159." -Solf-rectifying oHcillator 
circuit capable of • generating oHcilla- 
tions of Bubstantially constant ampli¬ 
tude if the filter choke is very large. 
Similar circuit arrangements may be 
applied to power amplifiers. 
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lead. When the inductance is large, the total current drawn by the two 
tubes is substantially constant, and the output tends to be constant. 

Problems 

1. Explain why alternating-current hum from a-c filament current is a much more 
serious problem in audio-frequency amplifiers than in radio-frequency amplifiers. 

2. What bias resistance is required when a Type 6C6 tube is to be operated at 
conditions corresponding to those given in Table V, page 85? 

3. Determine a suitable by-pass condenser for a resistance-coupled amplifier using 
a 6C6 tube and designed according to the fourth column of Table VI, Chap. V, assum¬ 
ing that the regeneration from this bias impedance is not to affect the amplification 
seriously for fre(iuencies above 60 cycles. 

4. Discuss the practicability of using a self-bias arrangement consisting of a resistor 
between cathode and ground for (a) a Class C amplifier, {b) a linear amplifier, and (c) a 
Clavss B audio amplifier. 

6. In a push-pull Class A audio amplifier, explain why it is that no by-pass con¬ 
denser is needed in shunt with the bias resistor between cathodes and ground. 

6. Explain why it is customary to design a re(*tifier tube with a maximum per¬ 
missible plate dissipation that is less than the plate dissipation that would result if the 
allowable peak current were drawn continuously through the tube by applying a 
direct-current anode voltage. 

7. Redraw the circuit of Fig. 151r, lettering the secondary windings A, B, C, and 

numbering the tubes from 1 to 6. Then draw the voltage waves developed by each 
secondary and indicate on each voltage wave the portions of the cycle during w'hich 
the corresponding secondary carries current and also the number of the tube that is 
involved each time a secondary carries current. ^ 

8. Check lines a, 6, and c in the columns of Table XVI for the single-phase full- 
wave center-tapped and bridge circuits. 

9. A particular single-phase full-wave rectifier-filter system with inductance input 
is re(|uired to develop 150 ma at 1000 volts. What is the minimum allowable input 
inductance, neglecting the resistance in the filter chokes? 

10. Two Type 46 tubes are to be used in a push-pull circuit as Class B audio ampli¬ 
fiers with a plate ix)tential of 400 volts. The plate current drawn by the combination 
with no applied signal is 12 ma and with full signal is 100 ma. 

a. Determine the bleetler resistance that must be placed across the filter output 
if the total direc^t current that the rectifier tubes siqjply is not to vary over a range 
exceeding 4 to 1. 

b. What is the minimum allowable input inductance with no applied signal, and 
with full signal assuming bleeder is used? 

c. Assuming that the input inductance has the minimum allowable value for no 
signal conditions and reduces to one-third this value at full signal, what size condenser 
must be used in tlie circuit of Fig. 1526 to make the ripple less than 1 per cent at full 
signal, assuming 60 cycle full-wave circuit? 

d. Wha't will be the ripple at no signal with the conditions as in c? 

11. Draw curves similar to those of Fig. 154, but for the case of the full-wave bridge 
circuit of Fig. 1506 with (1) infinite input inductance, and (2) finite input inductance. 

12. Draw curves corresponding to those of Fig. 154 showing the current waves 
flowing through each tube in the circuit of Fig. 151a for (a) infinite input inductance 
and (6)*finite input inductance. 

18. Design a power-supply system for operating a push-pull Class C amplifier using 
Type 852 tubes (allowable plate loss 100 watts per tube) and operating at Eb * 3000 
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volts. The maximum allowable ripple voltage is 2 per cent and the available power 
is 60 cycle, single phase. Use hot-cathode mercury-vapor rectifier tubes. 

14. The power supply for the final power amplifier of a high power radio trans¬ 
mitter employs six Type 869-A hot-cathode mercury-vapor tubes in a three-phase 
full-wave circuit operating from 60 cycles. The power supply is rated at 18,000 volts 
and 4 amp., and has a single-section inductance-input filter consisting of 0.5 henry 
and 3.0 /if. Neglecting the resistance of the filter inductance and the leakage react¬ 
ance and resistance of the power transfonner, calculate (a) approximate peak current 
through the rectifier tubes, (b) peak inverse voltage, (c) secondary voltage of power 
transformer, (d) kva rating of transformer primary and secondary windings, (e) amount 
of 36(V-cycle and 720-cycle ripple voltage appearing in the output. 

16. In the power-supply system of Prob. 14, determine total power loss in the six 
rectifier tubes, including both filament power and plate dissipation, and from this 
calculate the rectifier efficiency. In evaluating the plate loss assume a tube drop of 
12 volts. 

16. Draw oscillograms corresponding to those of Fig. 1556 and 155c for two load 
resistances, one high and one low. 

17. a. In a particular conden.ser-input re<*tifier-filt(‘r system the power transformer 
dev^ops a potential of 375 r.m.s. volts across half the secondary, while the effective 
transformer resistance and leakage inductance referred to one-half the secondar>^ are 
respectively 92 ohms and 28 mh. If a 4-/if input condenser is employed with a 5Z3 
tube, and if the effective load resistance is 2500 ohms, determine direct-current voltage 
and ripple voltage across the input condenser, and the peak anode current. 

6. Design a filter system to follow the input condenser that will make the ripple 
in the filter output less than 0.01 volt. 

18. In the example of Sec. 89, calculate tlie performance when the shunt input 
capacitance is 8/xf, and infinity, tabulate the results along with the results of the exam¬ 
ple, and discuss briefly the effect of input-condenser capacitance. 

19. Derive Eq. (110).. 

20. In a vibrator supply system such as shown in Fig. 157 sketch oscillograms 
showing, (a) voltage across each half of the primary, (6) voltage across the secondary 
winding, and (c) current flowing in each half of the primary. 

21. Describe the operation of the self-rectifying circuit of Fig. 159, with particular 
reference to the action of thel’hoke in the common lead. In this discussion sketch 
oscillograms illustrating the general character of the plate voltage and d-c plate current 
in each tube, and the current in the choke. 
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RADIO TRANSMITTERS 

92. Radio Transmitters. General Considerations ,—A radio trans¬ 
mitter is essentially a device for producing radio-frequency energy that is 
controlled by the information to be transmitted. A transmitter accord¬ 
ingly represents a combination of oscillator, power amplifiers, harmonic 
generators, modulator, power-supply systems, etc., which will best 
achieve the desired result. Inasmuch as the various elements that go to 
make the completed transmitter have already been individually con¬ 
sidered, the present chapter is devoted to a discussion of typical com¬ 
binations used in practice. 

The electrical design of practically all radio transmitters is dominated 
by the need of maintaining the transmitted frequency as nearly constant 
as possible over long periods of time. Thus in broadcast work two or 
more transmitters are commonly assigned the same carrier frequency, 
and in order to minimize the resulting interference it is essential that the 
carrier frequencies be as nearly as possible the same. In short-wave 
work, the side bands required are so narrow that the frequency separa¬ 
tion between transmitting stations is determined primarily by the 
frequency stability of the carriers. For example, telegraph transmission 
at a speed of 100 letters per minute (hand keying) could, according to 
Sec. 68, be carried on with a side band 13 cycles wide. With perfect 
frequency stability this would mean that two such transmitters could 
theoretically operate on frequencies differing by less than 30 cycles. 
A very limited space in the frequency spectrum would then accommodate 
a large number of transmitters. Actually, however, it may be imprac¬ 
tical to maintain the frequency closer than 0.05 per cent to the desired 
value under all conditions. At 20 me this would require a spacing of 
20,000 cycles. The number of transmitters that can be accommodated 
by a given section of the frequency spectrum in the short-wave range is 
hence largely determined by the frequency stability that can be main¬ 
tained, rather than by the side-band requirements. 

Transmitters are normally mounted in a metal cabinet provided with 
metal shelves and compartments that shield the different parts of the 
transmitter from each other and at the same time provide mechanical 
support. The controls and meters are mounted on the front panel and 
arranged to be at ground potential. The back, sides, and occasionally 
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the front of the cabinet are either removable or hinged in order to make 
the transmitter accessible for repair or inspection. Typical examples of 
this type of construction are found in Figs. 162 to 164 and Fig. 168. 

93. Telegraph Transmitters. Short-wave Transmitters, —Short-wave 
telegraph transmitters are ordinarily designed around some form of 
oscillator having high frequency stability. Crystal oscillators are 
usually employed, although master-os(*illator power-amplifier arrange¬ 
ments, as w^ell as electron-coupled and resonant-line oscillators are used 
to a limited extent. 

When a quartz crystal is used to control the frequency, the oscillator 
power output obtainable under commercial conditions is only a few watts, 
and the highest practical crystal frequency is of the order of 5 me. To 
obtain greater power Class C amplifiers are required, and higher fre- 



Fio. 160.—Simple short-wave cr>’stal-rontrolled telegraph transmitter showing keying 
system provided with time-lag circuit. 

quencies necessitate the use of harmonic generators. Tlie circuit of a 
simple crystal-controlled .s+iort-wave transmitter is illustrated in P^ig. 160. 
Here the crystal oscillator employs the circuit of Fig. 108a and is fol¬ 
lowed by a harmonic generator that drives a push-pull Class C amplifier. 
This represents a typical amateur design for a transmitter developing an 
output of the order of 50 to 200 watts of power. 

The schematic circuit of a commercial transmitter is shown in Fig. 161. 
This is designed to oj^erate at any frequency in the range 1.5 to 20 me and 
delivers an output of 350 waUs. Provision is also included for modulat¬ 
ing the final power amplifier to give phone transmission with 250 watts 
carrier, but this has been omitted from the circuit diagram for the sake of 
simplicity. The transmitter of Fig. 161 consists of a crystal oscillator 
employing the circuit of Fig. 108c, followed by three intermediate or 
buffer power amplifiers, and a final Class C'output amplifier. The inter¬ 
mediate power amplifiers amplify the crystal output sufficiently to 
excite the final amplifier, function in some cases as harmonic generators, 
and isolate the crystal oscillator from the output circuits of the trans¬ 
mitter. The crystal operates in the frequency range 1.5 to 6 me, and for 



Fio 161—Schematic circuit diagram of 350-watt commercial short-wave radio-telegraph transmitter. 
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Fio. 162.—Front view of cabinet housing transmitter of Fig. 161, showing controls and 

meters. 
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Fio. 163.—Rear view of cabinet of Fi«. 162 with back opened showing the metal-ehelf 
and tray Construction and how the essential leads of each compartment are brought to a 
terminal strip. 
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frequencies in this range all intermediate stages operate as Class C ampli¬ 
fiers. For frequencies in the range 5 to 10 me, the first buffer amplifier 
acts as a frequency doubler, whereas in the range 10 to 20 me the first 
two buffer tubes act as frequency doublers. The various resonant cir¬ 
cuits are adjusted to the appropriate frequencies by means of variable 
condensers, plug-in coils, and in some instances, by means of supple¬ 
mentary condensers that can be added by link connections. 

The general method of construction of this transmitter is illustrated 
in Figs, 162, 163, and 164. This shows the metal cabinet arranged with 
shelves and trays tjpical of present-day methods. Such arrangement 
provides effective shielding and at the same time makes the wiring, coils, 
and essential circuit points accessible. 

The chief difference between the transmitters of Figs. 160 and 161 is 
that the isolation between input and output stages of the latter is greater. 
If amplification were the only consideration, the transmitter of Fig. 161 
could dispense with at least one and possibly two of the buffer amplifiers. 
If this were done, however, keying would produce a certain amount of 
frequency shift that would produce adjacent channel interference. 

When more power is desired, arrangements such as those of Figs. 160 
and 161 can be used to excite large air-cooled tubes that will give outputs 
up to several kilowatts. These in turn can be us('d to operate Class C 
amplifiers employing water-cooled tubes to develop powers of the order 
20 kw and up. 

Although the arrangements illustrated in Figs. 160 and 161 are typical 
of equipment in actual use, the circuit details can be modified in many 
respects. Thus the frequency range in which the crystal operates may 
be different, necessitating different combinations of harmonic g(»nerators. 
It is also possible to vary the resonant frequency of the tuned circuits by 
tapped coils controlled by switches in.stead of using plug-in coils. In 
low-frequency transmitters fixed condensers are often usoxl in the tank 
circuits, with the resonant frequency being varied by shorting out turns 
of the inductance coils for coarse adjustments and rotating a short- 
circuited ring for fine adjustments. The method of neutralization, tube 
types employed to accomplish a given purpose, and so on, will also vary 
greatly with the individual design. * 

In circumstances where it is necessary to obtain a continuous fre¬ 
quency range instead of having available only certain predetermined 
frequencies, the crystal oscillator can be replaced by an electron-coupled 
oscillator. The frequency of this oscillator can be adjusted either to 
the frequency to be transmitted, or to one-half, one-third, one-fourth, 
etc., of the required frequency. The electron-coupled oscillator is fol¬ 
lowed by harmonic generators and Class C amplifiers as required to give 
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the desired frequency and power and to provide adequate isolation of the 
oscillator from the output circuits. 

Long-wave Telegraph Transmitters .—Telegraph transmitters operating 
at frequencies below the broadcast band (i.e., below 550 kc) are commonly 
of the m aster-gs cHIat^g^.J?^wer«ampl^ type. This is permissible 
becauseTlielreqirency stability required to keep within a given number of 
cycles of the assigned frequency is directly proportional to the carrier 
frequency and so is low at low frequencies. The use of a master-oscillator 
arrangement in place of crystal control has the advantage of simplifying 
the transmitter layout and makes it easier to change frequency. 

An example of a commercial marine transmitter for operation in t\w 
frequency range 500 to 375 kc is shown in Fig. 165. Here a single Typ(i 

Master oscillator Power amplifier 211 tube functions as a master- 
( 211 ) ( 3-211 tubes) ^ oscillator in a modified Colpitis 

■ ■■ - jcircuit, while threi3 similar tubes in 
' r—X parallel serve as a power amplifier 
1 I—develop an output of 300 watts. 
P y ^^ By neutralizing the power amplifier, 

” using an oscillator with a high Q 

GrieffeakJi -— —^ w tank circuit, and operating the 

^ power amplifier so that the driving 

% rHF-j power required is small, the fre- 

^ 1 * ii quency stability is adequate for 

iTTn iHrt -1 :/MinTnn‘r/*ia.l Tnaafnr-TMioilIn- ^ ./ t. 


k'f choke 
Grief ieak-> 


^ f _I power amplifier so that the ( 

% \ -\ \ power required is small, tt 

Flo.Ti.-cLmerci»l maetor-oscilla- 

tor-power-amplifier radio-telegraph trans- marine service at long waVCS. 
mitter capable of delivering 3TO watts 94. Keying of Telegraph ' 
output in the frequency range 376 to SCO kc. , X,, - 


nnttcr capable of dei.venng sw watts 94. Keying of Telegraph Trans- 

output in the frequency range 376 to oOQ kc. , ^ o . 

nutters. —The output of a crystal- 
controlled telegraph transmitter is ordinarily turned on and off in accord¬ 
ance with the characters *of the telegraph code by making one of the 
stages following the crystal oscillator inoperative. The crystal oscillator 
itself and usually one or more buffer stages are allowed to operate con¬ 
tinuously. This improves the frequency stability, particularly if the 
crystal and buffers are operated from a separate power supply. The 
proper stage for keying is a compromise between the desirability of having 
only small currents and voltages to handle and the desirability of having 
as many buffer tubes as possible between the crystal and the point of 
keying. 

Master-osoillator-power-amplifier arrangements such as those of 
Fig. 165 are normally keyed by turning both master oscillator and power 
amplifier on and off. It might be thought desirable to operate the oscilla¬ 
tor continuously and key only the amplifier. However, the fact that all 
tubes commonly operate from the same power-supply system, and that 
no buffer tubes are provided, largely nullifies the advantages that would 
result from continuous operation of the oscillator. 
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The actual details of the keying system can vary greatly. In Fig. 160 
the harmonic generator is made inoperative by arranging matters so 
that a large negative bias is applied to the grid when the key is up. In 
the transmitter of Fig. 161, depressing the key removes a negative bias 
from the screen grid of the second intermediate tube and applies the 
normal positive screen voltage. In Fig. 165 the key operates by opening 
both the plate and the grid return leads to the cathode. Still other 
arrangements include placing the key between the center-tap cathode 
connection and ground, and keying directly in the plate-supply system 
either in the primary of the power transformer or in the output of the 
filter system. 

Keying Troubles ,—A proper keying system gives clean-cut dots and 
dashes having constant carrier frequency and produces a minimum of 
interference. The most common keying trouble encountered is the 
production of thumps, termed key clicks^ in near-by radio receivers as 
the key makes and breaks contact. Such key clicks are caused by high- 
order side-band frequencies produced by the sudden starting and stopping 
of oscillations, as shown in Fig. 166a. In a hypothetical case where the 
transmitted energy Is assumed to be turned on and off instantly, the 
resulting wave contains side-band components extending all the way 
from zero to infinite frequency. Although the amount of energy at any 
frequency is extremely small, it is still sufficient to produce interference 
on near-by radio receivers irrespective of their tuning. 

The simplest remedy for key clicks is to provide a time delay or lag 
circuit in association with the key so that the oscillations start and stop 
gradually rather than abruptly. Such an arrangement is illustrated in 
Fig. 160, and should be so proportioned that the change in amplitude is 
slow enough to prevent the generation of high-order side bands, but at the 
same time is not so gradual that the dots and dashes become indistinct 
(see Figs. 1666 and 166c). It is also helpful to key at a point such that 
the keyed output must pass through several tuned circuits before being 
radiated, since these circuits when properly shielded will tend to suppress 
high-order side bands. 

Other keying troubles that are sometimes encountered include fre¬ 
quency (or phase) shift, gradual drift of the transmitted frequency, and 
distortion of the dots and dashes by transients in the power-supply sys¬ 
tem. Frequency or phase shift is the result of insufficient isolation of the 
oscillator from the amplifier stages that carry keyed currents, and pro¬ 
duces spurious side bands. Frequency drift is particularly common in 
master-oscillator-power-amplifier arrangements, and is caused by gradual 
temperature rise during operation. Transients occur in the power-supply 
system as a result of the variation in load produced by keying. These 
transients are particularly troublesome when the keying is done in the 
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primary of the power transformer, in which case there is a tendency for the 
dots and dashes to run together and become indistinct, as in Fig. 166c. 

96, Radio-telephone Transmitters. —In radio-telephone transmitters 
the output is modulated in accordance with the sound wave to be trans¬ 
mitted instead of being simply turned on and off by means of a key. 
The usual radio-telephone transmitter consists of a stable oscillator, 
usually a crystal oscillator, followed by a chain of amplifiers, one of 
which is modulated by one of the methods described in Chap. VIII. The 
modulation may take place in the final power amplifier, which is referred 
to as high-level modulation, or may take place in one of the lower power 
stages, which is termed low-level modulation. In the latter case it is 
necessary that all the amplifiers following the modulated stage be linear 
amplifiers in order to avoid distortion of the modulation. 


(oi) Wolve Producing Excessive Key Clicks 



(b)Woivc With Sufficient Time Lag to 
Prevent Key Clicks 



<c) Wave With Excessive Lag 



Fig. 166 .—Output waves obtained with different keying conditions. 

Broadcast Transmitters .—All broadcast transmitters employ a crys¬ 
tal oscillator to generate,the frequency to be transmitted. This is 
followed by one or more Class C buffer amplifiers, after which comes a 
modulated amplifier, followed in some cases by one or more stages of 
linear amplification. 

Schematic! diagrams of typical broadcast transmitters are shown in 
Figs. 167 and 169. The transmitter of Fig. 167 is an RCA 1-kw model 
employing high-level modulation. The tube sequence in the radio¬ 
frequency chain is as follows: 

5-watt crystal oscillator. 

7M“Watt screen-grid Class C amplifier. 

100-watt neutralized triode Class C amplifier. 

Two 100-watt triodes operated as neutralized push-pull Class C amplifiers. 

Four 250-watt triodes connected in parallel push-pull, and plate modulated. 

The audio-frequency system consists of a three-stage amplifier, the final 
stage of which is a Class B audio amplifier capable of delivering sufficient 
audio power (about 800 watts) to modulate completely the output of the 
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final radio-frequency power amplifier. Photographs of this transmitter 
are shown in Fig. 168. 



Fro. 168a.—Front view of RCA 1-kw broadcast transmitter of Fig. 167. 


The schematic circuit diagram of a 6-kw Western Electric transmitter 
employing low-level grid modulation is shown in Fig. 169. The sequence 
of tubes in the radio-frequency chain is as follows: 


5-watt crystal oscillator. 
5-watt buffer amplifier. 
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Two 5-watt tubes connected in parallel as Class C amplifier. 

Two 259-watt tubes connected in push-pull and grid modulated. 
Two 19 kw water-cooled tubes as push-pull linear amplifier. 


The audiofrequency system consists of a twostage amplifier, the second 
stage being a single triode capable of developing an undistorted power 



Fio. 1686.—Front of RCA 1-kw broadcast transmitter with front panels removed. 


output of 10 watts when operating as a Class A amplifier. When the 
linear amplifier is omitted and the output of the grid-modulated stage is 
delivered directly to the antenna, the result is a 100-watt transmitter 
suitable for low-power broadcast stations. 
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In broadcast transmitters of very high power, as 10 kw and more, the 
power consumption and installed tube capacity represent a major item 
of expense. The most economical arrangement from these points of view 
is a high-level system in which the output stage employs the high-effi- 



Fig. lOSc.—Rear of RCA 1-kw broadcast transmitter with roar .covers removed. 


ciency grid-modulation arrangement of Fig. 122. This is too new for its 
commercial possibilities to have been evaluated, however. High-power 
transmitters actually being placed in commercial service employ the 
high-efficiency linear amplifier of Fig. 99 when low-level modulation is 
used, whereas corresponding installations of the high-level type employ 
Class B audio modulators as in Fig. 167. ' 
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Short-wave Radio-telephone Transmitters. —Radio-telephone trans¬ 
mitters for operation at high frequencies are similar to broadcast trans¬ 
mitters, except that harmonic generators are often required between the 
crystal oscillator and the modulated stage in order to produce the required 
carrier frequency. Many short-wave radio-telephone transmitters, 
notably those used for police, aircraft, and amateur purposes, do not have 
to meet the quality and frequency stability requirements of broadcast 
work. This permits circuit arrangements having less buffer action and 
makes it permissible to use modulation systems, such as suppressor-grid 
modulation, that have relatively high distortion. 

96. Radio Transmitters. Miscellaneous. Transmitters for Ultra- 
high Frequencies. —The commercial use of frequencies greater than 30 me 
is such a recent development that transmitters for this frequency range 
have not yet become standardized. Some transmitters for operation 
in the range 30 to 100 me employ crystal oscillators an4 differ from ordi¬ 
nary short-wave transmitters only in the use of additional harmonic 
generators. In other cases, master-oscillator—power-amplifier arrange¬ 
ments are employed, with the master oscillator having its frequency 
stabilized by means of a resonant transmission line designed to have a 
very high Q. Self oscillators, particularly those of the resonant-line type, 
are also used to some extent. 

Special tubes designed to have low transit time are often used at 
frequencies greater than 30 me and are required if appreciable 
power is to be obtained at frequencies in the range 100 to 1000 
me. At still greater frequencies some form of electron oscillator is 
required. 

Monitoring Systems. —In order to insure satisfactory performance of a 
radio transmitter it is nwessary to monitor the transmitted signals 
systematically. In broadcast stations this Ls accomplished by providing 
means for observing the carrier frequency and the degree and linearity of 
the modulation. A portion of the modulated output wave Ls also rectified 
and supplied to a loud-speaker, so that the performance can be continu¬ 
ously observed aurally. 

Negative Feedback in Radio Transmitters. —Amplitude distortion, 
frequency distortion, and hum in a radio-telephone transmitter can be 
reduced by the application of a modified form of negative feedback, as 
illustrated in Fig. 169. It will be observed that this is essentially the 
same arrangement as discussed in Sec. 73 in connection with modulation 
systems, except that the linear amplifiers following the modulated 
amplifier are included in the feedback loop. The application of nega¬ 
tive feedback to transmitters tends to correct for imperfections in the 
modulator, modulated amplifier, and linear amplifiers, and so improves 
the performance obtainable. 
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Suppression of Harmonics, —Since Class C and linear amplifiers 
generate harmonics because of the distorted shape of the plate-current 
pulses, it is necessary to prevent these harmonics from being radiated. 
Tank circuits having a high effective Q are of help in this regard, and 
additional suppression can be obtained, when required, by a filter network 
between tank circuit and antenna. The amount of discrimination 
against harmonics that is required is proportional to the carrier power, 
since, for a given allowable harmonic radiation, the permissible percent¬ 
age of harmonic is inversely proportional to the carrier power. 

Adjacent Channel Interference, —Radio-telephone transmitters some¬ 
times produce interference on frequencies that are outside the normal 
side-band range and yet are relatively close to the carrier frequency. 
Such adjacent channel interference is caused by high-order side bands 
resulting either from distortion of the modulation envelope or from 
frequency or phase modulation of the transmitter. Thus, if the highest 
modulation frequency applied to a transmitter is 5000 cycles, second- 
order side bands extend to 10,000 cycles on either side of the carrier, 
fifth-order side bands extend to 25,000 cycles, etc. These extended side 
bands interfere with the local reception of signals from distant trans¬ 
mitters by producing a babel often referred to as ‘‘monkey chatter.'^ 

The chief causes of adjacent channel transmission are overmodula¬ 
tion and phase (or frequency) modulation. Overmodulation occurs 
when the modulating voltage is greater than required to give 100 per cent 
modulation. This produces distortion in the modulation envelope that 
introduces high-order side-band components. Such adjacent channel 
interference can be minimized by carefully monitoring the transmitter so 
that overmodulation occurs only infrequently. 

Phase and frequency modulation is the result of poor transmitter 
design, or improper adjustment, and is particularly troublesome on short¬ 
wave telephone and telegraph transmitters. Adjacent channel inter¬ 
ference of this type can be avoided by the use of properly designed and 
shielded buffer stages between the crystal oscillator and the point where 
the keying or modulation takes place, and by carefully tuning all tank 
^^cuits exactly to resonance. 

/ "- Interrupted Continuous Waves, —In telegraph transmitters it is some¬ 
times desired to interrupt the transmitted dots and dashes at an audio 
rate, giving* what is termed I.C.W. (interrupted continuous waves). 
This is commonly accomplished by the use of a self-rectifying circuit 
using 600-cycle power, or by the use of some form of motor-driven inter¬ 
rupter or chopper. Interrupted continuous waves can be received upon 
ordinary radio receivers without heterodyne action. They also have the 
advantage in short-wave work that they do not fade out so readily as an 
unmodulated wave (see Sec. 104). 
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Controiled-carrier Transmitters ,—The average plate power loss of a 
linear amplifier handling a voice-modulated wave can be greatly decreased 
by reducing the carrier amplitude during intervals when the modulation 
is small or zero, and transmitting the full carrier amplitude only when the 
modulating voltage is maximum. The required variations in carrier 
amplitude can be obtained by using an auxiliary control tube, or a 
saturated reactor, to vary the carrier amplitude in accordance with the 
average speech level. The circuits must be arranged so that this control 
action is rapid enough to follow the normal syllabic variations in speech 
power but not sufficiently rapid to follow the lower speech frequencies. 

The use of controlled carrier reduces very considerably the average 
exciting voltage, and hence average plate loss, of a lin(»ar amplifier. 
This is because the average amplitude of speech is much less than the peak 
amplitude. A linear amplifier handling a controlled-carrier wave can 
hence be adjusted to deliver more peak power output without exceeding 
the allowable plate loss than if an ordinary carrier w^ave were applied. 
At the same time, the use of a controlled carrier introduces distortion 
because the carrier amplitude cannot be changed with sufficient rapidity 
to accommodate very sudden peaks of modulation. The use of controlled 
carrier also introduces complications when the receiver is provided with 
automatic volume control. As a result, the use of controlled carrier is 
limited to special applications in amateur, aircraft, and portable equip¬ 
ment where economy of cost and weight is more important than high 
quality. 


Problems 

1. Answer the following questions concerning the telegraph transmitter of Fig. 161. 

a. What system of neutraliiation is used in the final intermediate amplifier? 

h. Make a detail drawing of the keying system and explain how it works. 

c. Explain why trouble is not experienced from key clicks in spite of the fact that 
there is no lag circuit associated with the key. 

d. How much ripple voltage does the power-supply system for the final power 
amplifier develop in its output? 

2. Make a detail drawing of the oscillab^r in the transmitter of Fig. 165. Number 
each coil, condenser, and resistance and explain its function in the circuit. 

8. Design a telegraph transmitter delivering 150 watts output at a frequency of 
7500 kc and having crystal control, with the crystal operating at half the transmitted 
frequency. The design includes a circuit layout, choice of tubes, and rough determina¬ 
tion of tube-operating conditions (such as preliminary estimates of grid bias, driving 
power, d-c plate current, plate efficiency, etc., for each stage). In this problem make 
full use of tube data given in Table X and provide at least 100 per cent more driving 
power than estimates indicate is necessary. 

4. a. Make sketches of the system used in the transmitter of Fig. 167 to couple 
the modulator tube to the modulated amplifier. 

b. Explain the factors that determine the extent to which the high and low audio 
frequencies fall off as a result of imperfect coupling. 
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6 . In the transmitter of Fig. 167, draw to a large scale the circuit of the output 
stage (the part to the right of the dotted line), number each circuit element, and 
explain its purpose. Do not include the power-supply system. 

6 . In the transmitter of Fig. 167 determine values for the filter inductance and 
condenser such that the hum voltage modulated upon the transmitter output will not 
produce a degree of modulation exceeding 0.001. 

7. Design a crystal-controlled transmitter for operation at 1600 kc and capable of 
developing 50 watts of completely modulated carrier, with high-level plate modula¬ 
tion. The design includes circuit for radio-frequency and modulator stages, selection 
of tubes using Tables IX, X, and XIII, specification of circuit constants, and rough 
determination of such tube-operating conditions as expected output, d-c plate current, 
grid driving power, grid bias, etc. In this problem provide at least 100 per cent more 
driving power for each stage than estimates indicate will be needed. 

8 . a. Make a detail drawing of the power-supply system for the output amplifier 
in Fig. 167. 

6. Make an estimate of the direct-current power that this system must supply. 

9. Make a detail drawing of the feedback system used in the transmitter of Fig. 169 
and explain how it operates. 

10. In the transmitter of Fig. 169, the high-frequency side bands tend to be dis¬ 
criminated against by the tuned circuits. Explain why it is not possible to equalize 
the frequency characteristic of the amlio-frequency amplifier to correct for this with¬ 
out causing adjacent channel interference when the degree of modulation approaches 
100 per cent. 

11. Explain why problems of adjacent channel interference become more important 
as the transmitter power increases. 

12. Assuming reasonable values of plate efficiency, estimate the total plate losses 
and the total power input (including modulator and radio-frequency tubes) required 
for a broadcast transmitter developing a 50-kw carrier when (a) unmodulated and 
(6) completely modulated, for the following systems: (1) high-level plate modulation 
using Class A audio system, (2) high-level plate modulation employing Class B audio 
sy.stem, (3) low-level modulation followed by conventional linear amplifier, and (4) 
low-level modulation followed by Doherty high-efficiency linear amplifier. 

In making these estimates neglect all low-level radio-frequency stages and all audio 
stages except the last stage of high-level systems. 
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RADIO RECEIVERS 

97. Characteristics of Broadcast Receivers.—T he most important 
a receiv er fo r radio-teleph one sign als are sensitivity , 
"^ h^etivity^ The sensitivity is expressed in terms of the 

carrier voltage, modulated 30 per cent at 400 cycles, that is required to 
develop an output of 50 mw in a non-inductive resistance substituted 
for the loud-speaker or other output device. A curve showing the 
sensitivity of a typical broadcast receiver as a 'function of carrier fre¬ 
quency is show n in Fig. 170a. 

^lectivity i s the property that en ables a radi o receiver tp.disiirinnnate 
between radio sigr mls of diff^ent ca rrier freq uencies^ Selectivity is 
expressed in the form of curves, such as those of Fig. 1706, which show 
the amount by which the signal input must be increased in order to main¬ 
tain the output constant as the carrier frequency is varied away from 
the frequency to which the receiver is tuned. These curves therefore 
indicate the extent to which interfering signals are discriminated against. 

Fidelityjrepresent.s.. the extent to which the receiver reproduces the 
I different modu lation frequencies^ wit hout frequency distortion . TEe 
: fidelity of a radio receiver is expressed in curves, such as those of Fig. 

1170c, which give the variation in audio-frequency output voltage as the 
modulation frequency of *the signal is varied. In order to facilitate 
comparison, the output Is expressed in terms of the ratio of actual output 
to the output obtained when the modulation frequency is 400 cycles. 

Measurement of Receiver Characteristics ,—The characteristics of a 
radio receiver are measured by using an artificial signal to represent the 
voltage that is induced in the receiving antenna. This artificial signal is 
applied to the input terminals through a network, or artificial antenna, 
that simulates the impedance of the actual antenna with which the 
receiver is to be used.^ In making this test the receiver output is deter¬ 
mined by substituting a resistance load of the proper value for the loud- 

^ The accepted standard artificial antenna for the broadcast band (550 to 1500 kc) 
consists of a capacitance of 200 A(/if» a self-inductance of 20 /th, and a resistance of 
25 ohms, all in series. For other cases the artificial antenna depends upon the antenna 
system with which the set is intended to be used. Thus receivers operating in con¬ 
junction with a non-resonant transmission line would be tested with an artificial 
antenna consisting of a resistance corresponding to the characteristic impedance of the 
tnumuMion line. 
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speaker and measuring the audio-frequency power in this resistance. 
The experimental setup is illustrated in Fig. 171. 

The equipment for producing the artificial signal is called a standard 
signal generator. It consists of a thoroughly shielded oscillator coupled 
to an attenuating system that is capable of producing known voltages 
from about 1 nv up to perhaps 200,000 nv. 

98. Tirpical Broadcast Receivers.—Practically all broadcast receivers 
are of the superheterodyne type and accordingly have the schematic 


Inm/f ferminats 



Fiq. 171.—Schematic arrangement of eijuipment for making measurements of receiver 

performance. 

layout indicated in Fig. 172. Tlie radio-frequency section is tuned to 
the signal frequency and delivers a signal voltage at the grid of the first 
detector. The first detector (also called mixer and converter)^ together 
with its associated oscillator, converts the incoming oscillations to a 
fixed predetermined intermediate frequency by use of the heterodyne 
principle. The intermediate-frequency section between the two detectors 
is tuned to this predetermined difference frequency and delivers an 
intermediate-frequency voltage to the second detector, usually a diode, 
which recovers the modulation envelope from the wave by rectification. 



Fig. 172.—Schematic diagram of superheterodyne receiver. 


The resulting audio frequency i.s then amplified by the audio-frequency 
system and delivered to the loud-speaker for reproduction. 

Although all superheterodyne receivei^? follow the general scheme 
outlined in Fig. 172, individual receivers differ greatly in detail. Thus 
the radio-frequency section may include one or more stages of amplifica¬ 
tion, or may be a simple tuned circuit between the antenna and first 
detector. The first detector and oscillator section may involve any 
of the arrangements discussed in Sec. 80. Likewise, the intermediate- 
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frequency section may consist of a simple tuned circuit between first and 
second detectors or may include one or two stages of amplification. 
The details of the second detector and audio-frequency amplifier may 
also be varied. 

All receivers also offer some combination of special features such as 
automatic volume control, tuning indicators, tone control, quieting 
arrangements, automatic frequency control, etc. The number and 
exact nature of these incorporated in a particular receiver vary greatly 
with the j)rice and arc affected by merchandising styles. 

Examples of Brooxlcast Receivers .—The circuit combinations involved 
in ordinary broadc^ast receivers can be understood by considering the 
details of several typical models. 



Fig. 173.—(^irruit (iiaKram of typical low-priced broadcast receiver. 


The receiver of Fig. 173 is a reiiresentative low-priced superheterodyne 
receiver designed for covering the frequency band 540 to 1750 kc. Five 
tubes are employed, consisting of a pentagrid converter, intermediate- 
frequency am])lifier, diode detector and resistance-coupled triode voltage 
amplifier combiru'd in one enveloix', and a pentode Class A power ampli¬ 
fier, together with the rectifier tube. 

The receiver of Fig. 174 is a medium-priced all-wave receiver. There 
are three tuning ranges, namely, 550 to 1730 kc, 1800 to 6000 kc, and 
6000-20,000 kc. The seven tubes include a pentagrid converter, inter¬ 
mediate-frequency amplifier, diode second detector, resistance^coupled 
audio amplifier, pentode Class A power amplifier, rectifier, and 
tuning indicator. In the broadcast band a band-pass circuit is employed 
between antenna and first detector. 
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The circuit arrangement of a moderately high-priced receiver is shown 
in Fig. 175. This is an eleven-tube model covering the frequency range 
540 to 22,000 kc in three bands. The tube line-up, exclusive of the 
rectifier, is a radio-frequency amplifier, pentagrid mixer tube with 
separate oscillator, two stages of intermediate-frequency amplification, a 



double-diode second detector, an audio-frequency amplifier and phase 
inverter combined in one envelope, and a push-pull pentode output stage. 
In addition, there is a control tube for the automatic-frequency-control 
system, and a tuning indicator tube. 

99* Broadcast Receivers. Miscellaneous Features. Automatic VoU 
ume Control .—Practically all broadcast receivers are provided with some 
form of automatic volume control (abbreviated A.V.C.) to maintain the 
carrier voltage at the detector substantially constant irrespective of the 
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Fio. 175.—Circuit diagram of typical moderately high-priced all-wave broadcast receiver with automatic frequency control. 
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signal strength. This is accomplished by biasing the grids of the radio¬ 
frequency, intermediate-frequency, and the converter tubes negatively 
with a direct-current voltage derived by rectifying the carrier. An 
increase in the signal hence increases this negative bias and thereb 


tends to conntf^ract the increased signal bv reducing the amplification. 


while, if the signal becomes weaker, the automatic-volume-control bias 


s corresnuondiiifily less, and the gain of the controlled tubes increases. 


The actual details of automatic-volume-control systems vary greatly. 
A simple diode detector can be used for both detection of the signal 
and for producing an automatic-volume-control bias by arrangements 
as illustrated in Figs. 134, 173, and 174. In other cases a double-diode 
detector is used, with one diode serving as the ordinary detector and 
the other developing the automatic-volume-control bias. 

isf anode 2nd anode Automatic-volumc-control systems are often 

—3 jS—-' arranged so that no A.V.C. voltage is developed 

g g ss ' a//5e carrier voltage at the detector exceeds 

— ‘ - 6/as a predetermined value. This is termed delayed 

^ automatic volume controL and has the advantage 
Aad/o , , , ^ , , . 

A\/r ~ - -^ that the A.V.C. system does not begin to 

Fig. 176.— Method of ob- reduce the amplification until the carrier volt- 

taming delayed automatic detector reaches the desired value, 

volume control. 

A typical method of obtaining delayed A.V.C. 
is illustrated in Fig. 176, in which the second anode of a double-diode 
tube is connected to the A.V.C. line but has its cathode biased negative 
by the amount of delay desired. In such an arrangement the A.V.C. 
bus assumes the potential of the cathode of the second half of the diode 
tube until there is suflBicient carrier to produce an A.V.C. voltage greater 
than the bias of the second cathode. Beyond this point the second anode 
is inoperative, because it becomes more negative than its cathode, and 
the A.V.C. system functions in a normal manner. 

Tuning Indicators ,—In receivers provided with automatic volume 
control, diflSculty is encountered in tuning the receiver because the 
automatic-volume-control system tends to maintain the output constant 
even when the receiver is not tuned exactly to resonance. At the same 
time, with slight mistuning the carrier is on the side of the response curve 
of the receiver, tod considerable distortion results. Consequently 
various devices have been developed for providing assistance in tuning 
the receiver. 

The simplest form of tuning indicator is a direct-current meter 
through which flows the rectified output of the second detector. The 
tuning is then adjusted for a maximum deflection of the instrument. 
Another common arrangement employs a light valve actuated by the 
d-c current of the detector to vary the width of a shadow band. 
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A more recent development in tuning indicators is a special miniature 
cathode-ray tube in which the size of the luminous area is determined 
by the negative bias applied to a control electrode. By deriving this 
bias from the automatic-volume-control system the size of the luminous 
area serves as an aid to tuning. Such an arrangement is used in the 
receivers of Figs. 174 and 175. 


(a) Circui+ for Au+oma+ic-frecjuency- 
con+rol Sys+em 


Con+rol tube Series Oscilloitor 



<b>Vol+ages Applied to Diodes 

.^sonant frequency 
Er- 




Frequency 


(c) Difference In Rectified Voltages 
( A.F C. Voltoige) 



Fig. 177.—Details of aiitomatic-froquency-control system used in the receiver of Fig. 175. 


Automatic-frequency-conirol Systems .—The difficulty of accurately 
tuning a receiver having automatic volume control, as well as troubles 
caused by drifts in the frequency of the beating oscillator when receiving 
short-wave signal*?, can be eliminated by an arrangement that will 
automatically shift the beating oscillator frequency so as to produce an 
intermediate frequency of exactly the proper value, provided the tuning 
is at least approximately correct. This is termed automatic frequency 
control (abbreviated A.F.C.) and is employed in the receiver of Fig. 175. 

The details of the automatic-frequency-control arrangement of the 
receiver of Fig. 175 are shown in Fig. 177a. Here A and B represent the 
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primary and secondary tuned circuits of an ordinary band-pass inter- 
mediate-frequency amplifier, and C is a third tuned circuit that is coupled 
to B. Coil X in this third circuit is for the purpose pf varying the 
resonant frequency of circuit C by adjusting the position of a dust core 
with which coil X is provided. The connections to the double-diode 
detector are such that anode Pi has applied to it the voltage developed 
across circuit B plus half the voltage across circuit C, and anode P 2 
receives the voltage developed across circuit B minus half the voltage 
across circuit C. Because of the phase relationship that exists in two 
coupled circuits tuned to the same frequency, these diode voltages vary 
with frequency as shown in Fig. 1776. The difference between the 
direct-current voltages developed in the outputs of the two diode detectors 
accordingly varies with frequency as shown at Fig. 177c. This difference 
voltage developed by the two diodes is then used to control the frequency 
of the local oscillator of the superheterodyne receiver so that this oscilla¬ 
tor frequency will be shifted in a direction that tends to reduce the differ¬ 
ence between the actual intermediate frequency obtained and the 
resonant frequency of the tuned circuit. 

The usual method of controlling the oscillator frequency is illustrated 
in Fig. 177a. This involves a pentode tube, the plate circuit of which is 
in parallel with the tuned circuit of the oscillator. Tlie grid of the 
pentode is excited from the oscillator with a voltage 90° out of phase 
with the voltage existing across the oscillator tuned circuit, so that the 
current drawn by the pentode tube is 90° out of phase with the radio- 
frequency voltage across the oscillator circuit. The control tube con¬ 
sequently acts as a reactance in parallel with the tuned circuit of the 
o.scillator. The magnitude of the reactance, and hence the oscillator 
frequency, is determined by the mutual conductance, which in turn is 
controlled by the difference voltage develoi>ed by the two diode plates. 
In this way the local oscillator frequency will be automatically shifted 
in such a way as to correct for a moderate amount of mistuning, or for 
the effects of ordinary temperature variations. 

Bass Compensation ,—The characteristics of the human ear are such 
that, when sounds are reproduced at lower than normal volume levels, 
the low notes appear to be abnormally weak, whereas, when the sound is 
reproduced at greater than normal level, the low notes appear to be 
abnormally loud.^ In order to correct for this, the manual volume con¬ 
trol is often arranged so that at low levels the intensity of the low notes 
is not reduced so much as is the volume of the higher pitched sounds. A 
simple example of such a bass-compensated volume control is found in 
the receiver of Fig. 175, where at low volume settings the section of the 
potentiometer in use is shunted to ground through a resistance and 

^ Further dlflcussion of the characteristics of the ear is to be found in Sec* 185. 
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capacitance combination that has a lower impedance to moderate and 
high frequencies than to low frequencies, and so discriminates against 
the former. 

Tone Control .—Most receivers provide a tone control so that the v 
listener may discriminate against the higher audio frequencies. The tone 
control is usually some form of resistance-capacitance combination, with 
the arrangements shown in the receivers of Figs. 174 and 175 being 
typical. 

Quieting Systems .—In tuning a sensitive receiver provided with 
automatic volume control, the noise output between stations is high 
because, when no signal is being received, the A.V.C. system increases 
the sensitivity of the receiver to the maximum possible value. Arrange¬ 
ments for eliminating this inter-station noise are variously known as Q 
circuits, quieting systems, squelch circuits, and codans.^ Various means 
can be employed to accomplish this result. Thus a possible arrangement 
makes use of an auxiliary tube arranged to bias the grid of the first audio 
tube beyond cut-off unless the grid bias on the auxiliary tube approaches 
or exceeds cut-off. By using the A.V.C. system to bias the auxiliary 
tube, it is then possible to make the receiver inoperative until a carrier 
of predetermined amplitude is present. 

100. Broadcast Receivers. Construction and Design Considerations. 
Broadcast receivers are mounted on a chassis of sheet metal bent or 
drawn in the form of an inverted tray. This is punched to receive 
sockets, coils, transformers, etc., which are usually held in place either 
by rivets or by self-tapping screws. This chassis is then slipped into a 
cabinet and is connected to the loud-speaker by means of a flexible cord 
terminated in a plug. 

Photographs showing the construction of typical receivers are given 
in Figs. 178 and 179. The tubes, transformcTs, coil assemblies, gang 
tuning condenser, electrolytic condensers, and other bulky items are 
usually mounted on the top of the chassis, while small parts such as 
by-pass condensers, resistors, etc., are placed below along with most of 
the wiring. The arrangement of parts, and also the location of wires 
carrying radio-frequency and low-level audio-frequency currents, are 
carefully worked out to avoid troubles from hum, regeneration, etc. The 
remainder of the wiring is frequently run at random as showm in Fig. 1786 
in order to reduce the cost of production. 

Cost is of prime importance in the design and construction of broad¬ 
cast receivers. Carbon-rod resistors with pigtail leads, and tubular 
by-pass condensers with cardboard covering and pigtail leads, are 
employed wherever possible. These are wired directly into the circuits 

^ The term codon is coined from the first letters of the words in the phrase “carrier- 
operated device, anti-noise.“ 
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Fig. 178.—Photographs showing successive stages in the assembly of a broadcast receiver. (Courtesy of Gilfillan Bros.) 
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so as to be self-supporting, or are arranged on mounting strips, according 
to the circumstances. Chokes, coils, and transformers are avoided 
wherever possible in order to reduce cost. The filter system for supply¬ 
ing the voltage to the power stage is nearly always a single-section shunt 
input-condenser arrangement employing electrolytic condensers together 
with a choke provided by the field of the loud-speaker. Additional 
filtering for the remaining tubes is obtained by resistance-condenser 
combinations as seen in Figs. 173 to 175. 

^ Coil avd Band-switching Arrangements .—The radio-frequency coils 
of broadcast receivers are very small and are usually, although not always, 
mounted in a shield can. The tuning coils for the regular broadcast 
band arc either single layer or bank wound, preferably of litz wire, while 
coils for the high-frequency bands of all-wave receivers are nearly always 
a single layer of solid wire. 

Intermediate-frequency coils are commonly arranged in pairs with 
th e p rimar y rtiH Reennda.rios >ippnrnt. plY tnned to provide a band-pas s 
effect, with the eniipling iiaimllY sHghfly niOfft than the erit . iea.l vnliie 
Uiuwsal-wound coils are always employed, and some form of iron-dust 
core is very common. Adju st ment o f the reso n ant frequency of the tuned 
ci rcuits is obtained, either, bv-an adjus table condermer or, in the ease of 
^^me ir on-core_tYBe8. bY.a actew -KjrLv er adjustment of the core position. 

TExamples of . coil assemblies used for the radio-frequency, oscillator, 
and intermediate-frequency tuned circuits of receivers are shown in 
Fig. 180. The arrangement of coils on a typical receiver chassis is shown 
in Fig. 179. 

In all- wave receivers it is necessary to provide meari.s for a witfhinp; 
the radlo-frequencv and oscillator coils so that the iiifiiintn.nep.s of t ho 
tune d circuits can, be ch^ged for the different frequency ba nds. The 
coil switch for<f{iis purpose must provide low resistance contacts and 
introduce negligible coupling between the tuned circuits of different 
stages. The p hysical arrangement of switch and coils should also be 
su ch that ^e connections to the switch are as sho^and direct a s possible. 
Th e switch contacts are customarily arranged 46 that unused coils arc 
q ^ort c ircuited. T his is so that the distributed capaeitane«> will nnf. mnlfo 
the unused coils resonant in other frequency bands, a nd thereby intro¬ 
duce the possibility of coupling appreciable impedance into the coils in 
use. 

Some General Design Consideraiiang.—^e actual electrical design of 
•4>roadca8t receivers depends to a considerable extent upon'the particular 
sales features that are being emphasized at the time. There are, however, 
certain general considerations governing the design. The critical factors 
are the desired audio-frequency power output and sensitivity, and the 
carrier amplitude at the detector for normal operatihn. The audio 






Fiq. 179.—Photographs showing views of chassis for receiver of Fig. 174. {Courtesy of GUfiUan Bros.) 
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Intermediate-frequency coil assembly. Two-band radio-frequency coil assembly. 
Fio. 180.—Typical coil assemblies for broadcast receivers. In the case of intermediate- 
frequency coils, note the adjustable condensers mounted in the shield cans and used for 
controlling the resonant frequency. 
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power tubes and plate-supply voltage are selected to develop the required 
output. The minimum permissible audio-frequency amplification 
between detector and power tubes is then the gain that will provide full 
excitation for the power tubes when the carrier voltage at the detector 
is completely modulated and has an amplitude equal to the normal 
detector level. Knowing the audio-frequency amplification, it is then a 
simple matter to calculate the carrier voltage modulated 30 per cent 
that must be applied to the detector to develop the standard output of 
50 mw. The total voltage step-up between antenna and second detector 
must then be such that, with a voltage corresponding to the required 
sensitivity acting in the antenna circuit, the required carrier level will be 
developed at the second detector. From this it is possible to estimate 
the number of stages of amplification required on the basis of gains to be 
expected according to Table XVII. ^ 

Table XVIL— Typical Voltage Gains in Broadcast Receivers 


Gain 

Radio-frequency section: 

Antenna to grid of first tube^. 3- 6 

Radio-frequency amplifier, broadcast band. 20- 40 

Radio-frequency amplifier, short-wave bands. 6- 25 

Intermediate-frequency amplifier section 

Converter grid to first intermediate-frequency tube. 40- 60 

Interstage intermediate frequency. 50-180 

Intermediate fre(piency to diode. 50-125 


* In automobile receivers designed to operate with a particular antenna of specified constants, it is 
possible to make the antenna-to-grid step-up 20 to 50. 

• These values are for air-core coils for 460 kc. For air-core coils at 260 kc the gains will be perhaps 
30 per cent higher. With iron-dust cores the gains will be 20 to 60 per cent higher than with air cores. 


The actual gains in any particular case depend upon the size and 
design of the coils and the avssociated coupling systems. In the radio¬ 
frequency section the gain varies with the tuning, normally being greatest 
at the high-frequency end of each tuning range. In the broadcast band 
(550 to 1500 kc) the performance of both antenna and interstage parts 
can be improved by using a complex coupling arrangement with a high- 
inductance primary resonated at a frequency just below the broadcast 
band, as illustrated in Fig. 70. Such arrangements cannot be used in 
the short-wave bands, however, because the primaries would resonate 
with signals in the next frequency band. Short-wave radio-frequency 
coils hence ordinarily employ a simple coupling system consisting of a 
low-inductance primary. The antenna-to-first-grid gain is necessarily 
low in ordinary broadcast receivers because these receivers must be 
designed so that the first tuned circuit will maintain its alignment when 
antennas of widely different constants are used, and to do this the antenna 
coupling must be small. 
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Spurious Responses in Superheterodyne Receivers ,—Superheterodyne 
receivers are troubled with a variety of spurious responses. These often 
arise from the fact that there are two possible signal frequencies that will 
form the required intermediate frequency at any dial setting. Thus 
with an intermediate frequency of 50 kc, such as was employed in the 
early superheterodynes, the local oscillator would be adjusted to 1050 kc 
to receive a 1000-kc signal. Another signal of 1100 kc would, however, 
also produce a difference frequency equal to the intermediate frequency, 
and so might be simultaneously heard in the receiver output. This 
undesired signal differing in frequency from the desired carrier by twice 
the intermediate frequency is termed the image signal. 

Response to the image signal can be eliminated by preventing it from 
reaching the grid of the converter tube. This requires that the radio¬ 
frequency section of the receiver have an adequate number of tuned 
circuits, and that the intermediate frequency be high enough to enable 
these circuits to suppress the image frequency. In receivers covering 
only the regular broadcast band, the intermediate frequency is commonly 
about 262.5 kc, which makes the image frequency differ from the desired 
frequency by 525 kc. In all-wave receivers a higher intermediate fre¬ 
quency is employed, usually about 460 kc. Even then the image sup¬ 
pression is none too good in the high-frequency bands, as a 920-kc 
difference between desired and image frequencies then represents only a 
small percentage of the desired carrier frequency. 

Whistles can also appear at certain places on the dial as a result of 
intermediate-frequency harmonics produced by the second detector 
getting coupled into the radio-frequency input circuits. Thus, if the 
intermediate frequency is 452 kc and the signal being received is 900 kc, 
the second harmonic of the intermediate frequency is 904 kc. If this 
gets back into the input circuits, it will give a 4000-cycle beat note with 
the desired signal. The remedy for trouble of this sort is adequate 
by-passing of the circuits of the second detector, together with shielding 
and proper placement of circuit elements. 

Cross-talk, —Cross-talk (or cross-modulation) is the name given to 
interaction between radio signals in which the modulation of an undesired 
signal is transferred to a carrier wave on some other frequency. The 
following example represents a typical form of cross-modulation: The 
receiver is tuned to a powerful local station—the ‘desired'' signal—whiclji 
is so strong as to require a low-gain condition of the automatic volume 
control. At the same time there is another powerful local station—th^ 
'^unwanted^' signal—operating on a frequency not greatly different froni 
that of the station being received. During the interval in which th^ 
desired station is sending out an unmodulated carrier wave, the modular 
tion of the unwanted signal will be heard. However, if the desired station 
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ceases to radiate its carrier wave, the interfering signals from the 
unwanted station disappear. This type of cross-modulation is a result 
of third-order curvature in the tube characteristics, as explained in i 
Sec. 51. 

Cross-modulation troubles, once a major design factor, have been 
virtually eliminated by the development of the variable-mu tube. Such 
tubes have very little third-order curvature, irrespective of the grid bias, 
and so can have their amplification controlled by variation of the bias 
without at the same time introducing cross-talk. This is in contrast 
with sharp cut-off tubes, which have a comparatively large third-order 
effect near cut-off. 

Alternating-current Hum .—An alternating-current power-line hum 
often appears in the output of radio receivers energized by alternating | 
current. The chief causes of such hum are ripple in the output of the 
rectifier-filter system and in the field of the loud-speaker, hum pick-up 
by the input circuits of the first audio-frequency tube, and power-line j 
disturbances that are coupled into the receiver through the power trans- ’ 
former. Hum from rectifier ripple and from speaker field can be 
minimized by providing the filter choke with a hum-bucking coil that is 
connected in series with the voice coil of the loud-speaker, as in 
Fig. 175. By suitable design, the ripple voltage induced in this bucking 
coil will neutralize a considerable part of the hum voltage in the amplifier 
output. Hum pick-up by the input circuits to the audio-frequency 
system can be prevented by shielding the grid lead, or by careful place¬ 
ment with respect to wires carrying alternating currents. 

Noise .—A sensitive radio receiver, operated with the antenna dis¬ 
connected and adjusted for maximum volume, produces a continuous hiss 
in the output. In a properly designed receiver provided with means for 
preventing the entrance of power-line noise, this hiss arises primarily 
from thermal-agitation voltages developed across the first tuned circuit 
in the radio receiver. The adequacy of the design from the point of 
view of noise can therefore be checked by short-circuiting this input cir¬ 
cuit and noting whether or not the hiss is appreciably reduced in intensity. 
The thermal-agitation voltages developed in the input resonant circuit 
set an ultimate limit to the receiver sensitivity that can be usefully 
employed. In the case of broadcast and other radio-telephone receivers 
this maximum usable sensitivity lies between 1 and IOmv. 

Connecting an antenna to the receiver input terminals ordinarily 
introduces noise in the form of crackles, hiss, etc., resulting from natural 
and man-made electrical disturbances. Under conditions favorable for 
long-distance reception this additional noise collected by the antenna 
should exceed the hiss generated within the radio receiver. If not, 
either the antenna has inadequate energy pick-up, or the coupling 
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arrangement between receiver and antenna does not have the proper 
efficiency. 

Noise of man-made origin can often be reduced by careful attention 
to details. Thus in the case of a home receiver, such noise is commonly 
propagated along power lines and so can be reduced by the proper loca¬ 
tion of the receiving antenna, and by employing shielded power trans¬ 
formers. In some cases it is also helpful to place a radio-frequency filter 
in the power line where it enters the receiver chassis. 

The noise problem is particularly difficult when a sensitive receiver 
is operated in the immediate vicinity of an internal-combustion engine 
using spark ignition, as in the case of automobile and aircraft radio 
receivers. Receivers for use under such conditions are normally mounted 
in a metal case to provide shielding, and all leads (except the antenna 
lead-in) entering this case are provided with, radio-frequency filters. 
These precautions, combined with proper shielding of the ignition system 
and its associated wiring, together with careful location of the antenna, 
and the use of a shielded antenna lead-in wire, will reduce the ignition 
noise down to the ^ame order of magnitude as the noise level from other 
sources. 

Acoustic Feedback .—When the loud-speaker operates in the immediate 
vicinity of its radio receiver, there is always the possibility that sound 
\dbrations transmitted to the receiver through the air or the receiver 
cabinet will modulate the carrier wave being received. Under unfavor¬ 
able circumstances the sound produced in the loud-speaker by this 
modulation will exceed the sound causing the original modulation. When 
this is the case, the process continues in a cumulative manner, and a 
sustained audio-frequency howl results. This is termed acoustic feedback^ 
and is particularly troublej^ome in all-wave receivers. 

The parts of a receiver most likely to introduce acoustic feedback are 
the plates of variable condensers, and the radio-frequency and oscillator 
coils. Tubes are also sometimes involved, although in recent years great 
improvements have been made in the development of tubes that are 
relatively immune to mechanical vibration. 

The remedies for acoustic feedback include the mounting of the 
receiver chassis on rubber feet to prevent mechanical vibrations being 
transmitted to the receiver from the cabinet, the use of rigid construction, 
and in some cases the mounting of the tuning condenser and coils on a 
separate sub-assembly that Ls supported on rubber. In the console 
models the chassis can also be placed on the top of a shelf that helps 
protect the receiver against sound vibrations produced by a loud-speaker 
mounted below the shelf. 

101. Alignment. —All modern broadcast receivers are tuned by means 
of a single control. This means that the resonant frequency of all tuned 
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circuits in the radio-frequency section must vary together, and at the 
same time the oscillator frequency must always differ from the frequency 
of the radio-frequency section by exactly the intermediate frequency. 
As a consequence, the provisions for making the circuits of the receiver 
align, or ^Hrack,^^ are of fundamental importance. 

The usual procedure is to use gang tuning condensers in which the 
various sections are as nearly identical as possible, and then to attain the 
necessary tracking by the use of trimmer condensers and by proper coil 
inductances. In a receiver covering only the regular broadcast band, the 
radio-frequency stages arc aligned at the high-frequency end of the band 
by means of adjustable shunt padding condensers, as illustrated in 
Fig. 181a. At the low-frequency end of the band exact alignment Is 
obtained by bending the end plates of the condensers. When care is 


b Oscillator Circuit 

a Padio-frequency Shunt trimmer Shunt trimmer 
Circuit on condenser on coil 

Series trimmer^. ^ 



'Trimmer ^ "Shunf trimmer'' 



Dial Rotation 


Fig. 181.—Trimmer systems for circuits of superheterodyne radio receiver together 
with schematic curves showing kind of tracking obtained for typical cases. The solid curve 
in c represents perfect tracking with antenna and radio-frequency circuits, while the dotted 
curves give the actual tracking obtained under various conditions. 


taken to insun* that the coils and condensers are initially very nearly 
alike, satisfactory tracking will then be obtained over the entire band, 
except possibly for the antenna circuit, where the wide variety of antenna 
constants encountered makes perfect alignment under all conditions 
impo.ssible. 

The oscillator of a superheterodyne receiver is ordinarily tuned by a 
condenser that is identical with the condenser gangs used for the radio¬ 
frequency circuits. The required difference frequency is then obtained 
by using series and fiarallel trimmer condensers as shown in Fig. 1816, 
together with the proper choice of tuning inductance. Analysis of the 
circuits of Fig. 181a and 1816 shows that with suitable values for C 2 , Cs or 
C 4 , and Li/L it is possible to make the difference in the resonant frequency 
of the radio-frequency and oscillator circuits exactly equal to an assigned 
value at three settings of the tuning condenser. ^ Furthermore, if two of 
these frequencies of perfect tracking are near the extremes of the tuning 
range, and the third is located near the middle, then the actual tracking 
will be almost perfect throughout the tuning range, as shown in Fig. 181c. 
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Tracking Problem in All-wave Receivers. —In all-wave receivers the 
tracking problem is complicated by the fact that it is not possible to bend 
the end plates of a condenser gang to line up the low-frequency end of 
one band without thereby throwing out the adjustment for all other 
bands. The usual arrangement in all-wave receivers is to employ 
separate trimmers associated with each coil. In the radio-frequency 
section each coil has its individual shunt trimmer that is used to align the 
high-frequency end of the tuning band for which the coil is used. Accur¬ 
ate control of coil inductance, maximum condenser capacitance, stray 
capacitance, etc., is then ordinarily depended upon to insure proper 
lining up at the low-frequency end of each tuning range. ^ 

Each oscillator coil of an all-wave receiver is provided with individual 
series and shunt trimming condensers, following one of the arrangements 
illustrated in Fig. 1816. The shunt trimmers arc individually adjusted 
so that the oscillator frequency tracks properly at the high-frequeiury end 
of each band. The series trimmers are usually fixed except for the 
broadcast band, and careful manufacturing control of the coil and con¬ 
denser constants, or adjustment of the oscillator coil inductance, is 
depended upon to obtain alignment at the low-frequency end of each 
band. 

Experimental Procedure for Aligning Receivers. —The alignment of a 
receiver can be readily carried out experimentally by using a test oscil¬ 
lator and some form of output indicator.^ The first stop is to line up 
the intermediate-frequency amplifier. This is done by setting the test 
oscillator to the intermediate frequency and adjusting the resonant fre¬ 
quency of each intermediate-frequency stage, one after the other, starting 
with the tuned circuits immediately preceding the second detector and 
working back toward thq first detector. During this process the test 
oscillator is always connected to the grid of the tube immediately pre¬ 
ceding the tuned circuits that are under adjustment at the moment. 

The next step is to align the radio-frequency and oscillator circuits 
for the broadcast band. The receiver dial is turned to a point somewhere 
near the high-frequency end of the band, and the test oscillator set to the 

^ In some cases, particularly in the high-frequency bands where a small change in 
the inductance of the lead wires represents a considerable percentage change in the 
total inductance of the tuned circuit, it is necessary or desirable to adjust the circuit 
inductance individually for each coil by varying the position of an end turn of the 
coil, or by adjustment of the lead wires. 

* The test oscillator is very often provided with a frequency wobbler or frequency 
modulator that automatically varies the frequency of the test oscillator over a range of 
20 to 40 kc at a rate of 20 to 60 times per second. By then observing the output on a 
cathode-ray tube, it is possible to determine the adjustment giving the most satis¬ 
factory shape of response curve, as well as the adjustment for maximum output for a 
single frequency. 
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frequency indicated on the dial. The test oscillator is next connected 
to the antenna input and adjusted so that only a small output is obtained. 
The shunt trimming condensers on the radio-frequency stages are then 
adjusted until the output is maximum, after which the shunt trimmer on 
the oscillator condenser, is likewise varied to give maximum output.^ 
The receiver dial and test oscillator are then set to a point near the low- 
frequency end of the band, and the series padding condenser of the 
oscillator is adjusted for maximum response. If the receiver covers only 
the regular broadcast band, it is also permissible to improve the align¬ 
ment of the radio-frequency stages by bending the end plates of the 
condensers. Finally, receiver and test oscillator are reset to the original 
high frequency, and the shunt trimmer condenser on the oscillator is 
checked to make sure that the change in series padding condenser has not 
affected the required shunting condenser. The receiver is now perfectly 
aligned at the high-frequency end of the band, and the oscillator tracks 
at both high- and low-frequency ends and also at an in-between frequency 
determined by the oscillator inductance that the manufacturer placed 
in the receiver. 

In all-wave receivers this process is repeated for each band, except 
that for the higher frequency bands the series tnmmer on the oscillator 
is usually non-adjustable. 

102. Receivers for Telegraph Signals.—Receivers for handling tele¬ 
graph signals differ from broadcast receivers in that some means must be 
provided for interrupting the dots and dashes at an audible rate so that 
reception can be obtained with a telephone receiver. ^ This is accom¬ 
plished by the heterodyne principle, the procedure being to combine the 
incoming signal with a locally generated oscillation differing in frequency 
by about 1000 cycles. Rectification of the combination gives the tele¬ 
graph code characters with a frequency of about 1000 cycles, as explained 
in ^c. 79. 

A simple telegraph receiver is shown in Fig. 182 and consists of an 
oscillating detector of the type discussed in Sec. 81, followed by one stage 
of audio-frequency amplification. Such an arrangement possesses 
remarkable sensitivity because of the very large regenerative amplification 

^ All osoillater adjustments are preferably made while rocking the receiver tuning 
dial slightly in order to take care of any slight interaction between the oscillator and 
radio-frequency stages. 

* The only exceptions to this are when the signals are produced by spark trans¬ 
mitters, or are in the form of interrupted continuous waves, or are to be recorded on a 
tape recorder. Spark and I.C.W. signals are interrupted at the transmitter and so 
can be received on an ordinary broadcast receiver. In the case of tape recording it 
is possible to operate the inking mechanism without producing an audible tone, 
although most of the commercial systems of tape recording involve an audible note 
that is rectified to operate the inking mechanism. 
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obtained with a properly adjusted oscillating detector. In some cases 
the receiver of Fig. 182 is modified by placing a radio-frequency amplifier 
tube ahead of the oscillating detector, using either a tuned or untuned 
coupling between the antenna and the grid of this tube. Such a tube is 
primarily for the purpose of making the local oscillator frequency inde¬ 
pendent of the receiving antenna and for preventing the radiation of 
local oscillator energy, but it also adds somewhat to the sensitivity. 

Any ordinary superheterodyne receiver can be converted into a 
telegraph receiver by the addition of a local oscillator for the purpose of 
heterodyning with the intermediate frequency. This oscillator is detuned 
approximately 1000 cycles from the intermediate frequency and is 
loosely coupled into the circuits of the second detector, thereby causing 
the latter to develop a beat note of approximately 1000 cycles with the 
incoming carrier wave. If the superlietero<lyne receiver is provided with 
automatic volume control, this must he disconne(^t('d in order to prevent 



Fig. 182.—Simple telegraph*receiv'er consisting of an oscillating detector followed by one 
stage of audio-frequency amplification. 

the local oscillator from affecting the receiver sensitivity, and a manual 
volume control must be substituted. 

Single-signal Receiver .—-'With the ordinary heterodyne radio-telegraph 
receiver there are two possible signal frequencies that will give the same 
difference frequency. Thus if the desired beat note is 1000 cycles, and 
the beating oscillator is adjusted to a frequency 1000 cycles less than the 
desired signal, then another signal having a frequency 2000 cycles less 
than the desired signal will also give a beat note of 1000 cycles. Image- 
signal interference of this type can be eliminated by using a superheter¬ 
odyne receiver hi which the intermediate-frequency amplifier possesvses 
such great selectivity that signals differing by only a few hundred cycles 
from the desired signal are prevented from reaching the second detector. 
Such an arrangement is termed a single-signal receiver. 

The usual method of obtaining the high selectivity required to achieve 
the single-signal effect is to employ a quartz crystal somewhere in the 
intermediate-frequency amplifier. A typical arrangement is illustrated 
in Fig. 183a. Here the crystal is used as the coupling arrangement 
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between two conventional intermediate-frequency tuned circuits. By 
replacing the crystal with its equivalent electrical circuit it is seen 
that this gives a coefficient of coupling between the two circuits that 
varies with frequency, being very low at the series resonant frequenc} 
of the crystal, and very high at frequencies appreciably different. The 
resulting response curve has the character shown in Fig. 1836. The width 
of the peak of high response can be controlled somewhat by the tuning of 
the resonant circuit applying voltage to the crystal. Also the location 
of the frequency of very low response can be adjusted to eliminate the 
image signal by means of the “ rejector control that varies the equivalent 
unneutralized capacitance between the plates of the crystal holder. 


aCircuit of Single-sfgnal Arrangement 



response curve illustrating how the image interference can be suppressed. 

A single-signal receiver such as illustrated in Fig. 183 can be converted 
into an ordinary superheterodyne receiver for the reception of radio¬ 
telephone signals by merely short-circuiting the crystal. 

103. Miscellaneous Types of Receivers. Radio-telephone Receivers 
for Other than Broadcast Purposes ,—Telephone receivers for other than 
broadcast purposes are in the main similar to broadcast receivers, but 
with modifications of the tuning range and of the design details. Thus 
many airplane receivers are similar to automobile radio receivers in the 
general method of construction, in the use of remote-control tuning, and 
in that a storage battery is the source of power. The chief differences 
are that the airplane receiver requires somewhat sturdier construc¬ 
tion, covers only the airplane bands, and is arranged to operate a tele¬ 
phone receiver instead of a loud-speaker. In some cases airplane 
receivers are arranged so that only two frequencies can be received, one 
being the short-wave day frequency, and the other the short-wave night 
frequency, assigned to the air line involved. Superheterodyne receivers 
for such two-band operation sometimes employ crystal oscillators 
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for the frequency-changing process, with a separate crystal for each 
frequency. 

Receivers for long-wave telephone signals may consist of two or 
three stages of radio-frequency amplification, followed by a detector 
and audio amplifier, or may be of the superheterodyne type having an 
intermediate frequency that is either quite low or higher than the highest 
frequency to be received. 

Triplet-detection Receivers .—^The ordinary superheterodyne receiver 
tends to give relatively poor image suppression at short waves unless 
an excessive number of tuned circuits is employed in the radio-frequency 
section. This difficulty can be overcome by employing a triple-detection 
receiver as illustrated schematically in Fig. 184. The first intermediate 
frequency of such a receiver is made high enough to provide adequate 



Fig. 184.—Schematic diagram of triple-detection receiver. 


image suppression with one or two rcvsonant circuits in the radio-frequency 
section. The second intermediate frequency is commonly the same as 
in broadcast receivers and makes it possible to discriminate against 
signals differing only slightly from the desired frequency. The second 
oscillator of a triple-detection receiver operates at a fixed frequency 
determined by the two intermediate frequenci(^s, so that the only cir¬ 
cuits that must be adjusted for the incoming signal are the radio-fre¬ 
quency and first-oscillator*sections. 

Receivers for UUra-high-frequency Signals .—The most satisfactory 
receiver for signals in the wave-length range of to 10 meters is the super¬ 
heterodyne. The radio-frequency and oscillator stages of such an 
arrangement preferably employ acorn tubes, particularly if the 
frequency is less than 5 meters. The intermediate frequency should 
be relatively high in order to give good image suppression, and the 
intermediate-frequency amplifier should respond to a relatively wide 
frequency band, so that the signals will not be lost if there is a moderate 
amount of frequency drift in the transmitter or the beating oscillator. 

Superregenerative detectors are often employed in receivers operating 
at wave lengths below 10 meters. The simplest arrangement of this 
type consists of a superregenerative detector followed by one or two 
stages of audio-frequency amplification. In more elaborate arrangements 
one or two tuned radio-frequency stages are placed between the antenna 
and the superregenerative detector in order to increase selectivity and 
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prevent radiation from the receiver. Superregenerative receivers are 
remarkably sensitive and have the advantage of producing nearly as much 
audio-frequency output with very weak signals as with strong signals, 
so that there is an inherent tendency to discriminate against ignition and 
other similar interference that is in the form of pulses of high intensity 
but short duration. The chief disadvantage of the superregenerative 
arrangement is that a strong hiss is present except when a carrier wave is 
being received. 

Reception of Frequency-modnlated Signals, —Signals that are frequency 
(or phase) modulated can be received by discriminating against one side 
band so that the carrier and remaining side band heterodyne together to 
give a boat note corresponding to the original modulation.^ Any ordinary 
receiver can accordingly be used to 
receive frequency-modulated signals 
by detuning the receiver so that the 
carrier is on the side of the response 
curve as illustrated in Fig. 185. 

104. Receiving Systems for Min¬ 
imizing Fading.—Short-wave signals 
received from a distant transmitter 
practically always vary in strength 
{i.e,j fade) in a random manner. 

Night signals from broadcast trans¬ 
mitters not too close to the receiving 
point likewise fade. The variation 
in signal strength commonly encountered with fading signals is such as 
seriously to impair the reception, and furthermore severe fading of radio¬ 
telephone signals is usually accompanied by marked quality distortion. 

Automatic volume control is an obvious means of minimizing the 
effects of fading and is used in nearly all broadcast receivers. This is 
not a complete solution of the problem, however, because the signals 
sometimes fade out so completely as to be lost in the background noise. 
Also, as the signals fade in and out, the sensitivity of the receiver changes, 
resulting in a continual variation in the background noise. Furthermore, 
automatic volume control does not prevent the quality distortion of radio¬ 
telephone signals that usually accompanies fading. 

Diversity Receiving Systems, —The most effective means of eliminating 
fading troubles consists in taking advantage of the experimentally 



Frequency 

Fig. 185.—Response curve of receiver, 
showing how one side band of a frequency- 
modulated wave can be discriminated 
against by detuning the receiver slightly. 


^ The reception of frequency-modulated signals by detuning the receiver is some¬ 
times explained on the basis that, as the frequency of the signal is varied, the response 
of the radio-frequency circuits varies likewise, thus converting the frequency-modu¬ 
lated wave into an amplitude-modulated wave. This view is only partially correct, 
however, since the frequency-modulated wave contains carrier and side-band com¬ 
ponents as explained in Sec. 75. 
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observed fact that signals induced in antennas spaced 10 wave lengths 
or more apart fade independently. Hence by combining the outputs of 
three suitably spaced receiving antennas, the probability of the signals 
fading out completely on all three antennas at the same instant is almost 
zero. Such an arrangement is known as a diversity receiving system 
employing space diversity and is commonly used on transoceanic radio¬ 
telephone and radio-telegraph circuits. In such a diversity receiving 
system, each antenna is provided with a separate receiver, and the 
combination takes place after detection has occurred. In order that 
the noise level in the combined output will not be excessive, it is cus¬ 
tomary to operate all receivers from a common automatic-volume-control 
system so that the sensitivity of all three receivers is controlled by the 
particular receiver in which the signal happens at the moment to be 
strongest. In this way a receiver that at the ^noment is getting very 
little signal will not as a consequence have its gain increased and so bring 
in excessive noise. 

Fading can also be minimized by taking advantage of the fact that 
signals transmitted on frequencies differing by some 500 cycles or more 
will ordinarily fade independently. Arrangements that minimize fading 
troubles in this way are said to employ frequency diversity. In telegraph 
transmitters frequency diversity can be realized by employing inter¬ 
rupted continuous waves (I.C.W.), or by modulating the transmitted 
wave at a frequency of the order of 500 to 1000 cycles. In either case, 
the amplitude variations of the transmitted wave introduce side-band 
frequencies and cause the telegraph message to be transmitted simul¬ 
taneously on a number of frequencies. The result is reduced probability 
of a complete fade-out at the receiver. 

Problems 

1. Discuss the parts of a superheterodyne receiver that can cause the selectivity, 
fidelity, and sensitivity to vary with the frequency being received. 

2. Make a detail drawing of the means used to obtain the bias for the first audio 
tube and the power tube of the receiver of Fig. 173, number each circuit element, 
explain the function of each numbered part, and outline means of calculating the bias 
voltages. 

8. Make a detail drawing of the A.V.C. and manual volume-rcontrol system used 
in the receiver of Fig. 174, number each circuit element and explain its function. 

4 . Make an estimate of the total direct-current voltage and current that the output 
of the power-supply system must supply in the receiver of Fig. 174, making use of data 
from tube manuals. 

6. Make a detail drawing of the converter system used in the receiver of Fig. 174, 
number each circuit element, and explain the function of each numbered element. 

6. In the receiver of Fig. 175, what determines the bias on the radio-frequency and 
intermediate-frequency tubes when there is no carrier and hence no bias from the 
A.V.C. system? 
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7. Make a detail drawing of the means used to obtain screen voltages for the 
pentode tubes (excluding the 6F6 tubes) in Fig. 175, number each circuit element in 
the diagram, and explain the purpose of each numbered part. 

8 . Compare the methods used to obtain the screen voltages for the intermediate- 
frequency amplifier tubes in the receivers of Figs. 173 and 174. 

9. Assuming that the speaker field of the receiver of Fig. 174 has an incremental 
inductance of 8 henries, calculate the ratio of alternating-current voltage in the plate 
supply of the output tube to the alternating-current ripple voltage appearing across 
the input condenser of the rectifier-filter system. 

10. Describe the method by which the tone control of the receiver in Fig. 174 
operates. 

11. In the automatic-frequency-control system of Fig. 177, describe the arrange¬ 
ment by which the grid of the control tube receives an exciting voltage 90® out of 
phase with the voltage acting in the plate. 

12. Estimate the sensitivity of the receiver of Fig. 174 by making reasonable esti¬ 
mates of the gain per stage. 

13. Plan the tube line-up for a radio receiver that will have a sensitivity of 3 |iv and 
is capable of developing 15 watts of undistorted output power. Indicate tube types 
to be used, and the stage gains. 

14. If a broadcast receiver is designed so that it discriminates very effectively 
against carrier frequencies only slightly different from the desired carrier, it is found 
that the fidelity at high audio frequencies is poor. Explain. 

16. A receiver covering the frequency range 530 to 1650 kc has an intermediate 
frequency of 460 kc. List the conditions and frequencies for which whistles or spurious 
responses are most likely to occur. 

16. A receiver that has a tendency toward acoustic feedback also t(inds to have 
excessive microphonic noise when used under conditions where mechanical vibration 
is present. Explain. 

17. What effect can improper alignment in a receiver be expected to have on; 
(a) sensitivity, (6) fidelity, and (c) selectivity? 

18. Work out the circuit of a telegraph receiver consisting of one stage of tuned 
radio-freciuency amplification, an oscillating detector, and a two-stage audio-frequency 
amplifier. 

19. When a single-signal receiver is converted into an ordinary receiver by short- 
circuiting the crystal, the noise level in the output increases appreciably. Explain. 

20. When an ordinary receiver is used to receive a frequency-modulated signal 
by tuning so that the carrier is on the side of the resonance curve, it is found that there 
arc two carrier frequencies for which the reception of frequency-modulated waves is 
equally efficient. Explain how these two responses occur, and suggest a means 
whereby the receiver can be modified to eliminate or greatly reduce the reception of 
this second carrier. 

21. It is desired to use automatic frequency control in a triple detection receiver 
to take care of slight mistunings that might accidentally occur. Should the automatic 
frequency control be applied to the first oscillator, the second oscillator, or both 
oscillators? 
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PROPAGATION OF RADIO WAVES 

106. Ground-wave Propagation. —The energy radiated from an 
antenna located near the earth's surface can be conveniently divided into 
a sky wave and a ground w ave. The sky wave represents the energy 
radiated at an angle abowthe horizontal, and its ultimate behavior is 
determined by the ionized regions in the upper atmosphere, as discussed 
in Sec. 106. The ground wave, on the other hand, represents the energy 
traveling along the surface of the earth, and its behavior depends upon 
the character of the surface involved, and the frequency. 

The ground wave glides over the surface of the earth as shown in 
Fig. 1. The wave is vertically polarized because a horizontally polarized 
component in the immediate vicinity of the earth has its electrostatic 
field short-circuited by the ground. The ground wave is accompanied 
by charges induced in the earth as indicated in Fig. 1. These moving 
charges constitute a current, and, since the earth offers resistance to the 
flow of current, there is a dissipation of energy in the earth that represents 
energy absorbed from the ground wave. The portion of the wave in 
contact with the earth is therefore being continuously wiped out, only 
to be replenished at least in part by diffraction of energy downward 
from the portions of the ground wave immediately above the earth. 

Sommerfeld Analysis** of Ground-wave Pro'pagalion .—The actual 
strength of the wave at the surface of the ground for a flat earth is 

Ground-wave field strength 
in millivolts per meter 

where 

A = factor taking into account the ground loss 

d = distance to antenna in kilometers (1 mile = 1.609 km) 

P = radiated power in kilowatts - 

7 = factor taking into account directivity of transmitting antenna. 
The factor y is unity when the radiated field is proportional to the cosine 
of the angle above the horizontal 7 " = 1 for short vertical antenna). 
For other antenna directivities 7 will equal the ratio of actual field 
strength radiated along the horizontal by the antenna to the field strength 
that would be obtained for the same radiated power with the cosine law 
directivity. 
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The factor A in Eq. (Ill) takes into account the effect of ground 
loss and depends in a relatively complicated way upon the conductivity 
and dielectric constant of the earth, the frequency, and the distance to 
the transmitter. The relationships involved are presented in graphical 
form in Fig. 186, which is based upon a modification of the original 
analysis made by A. Sommerfeld. In Fig. 186 the reduction factor A 
is expressed in terms of two auxiliary variables, the numerical disjiapce p, 
and the phase constant 6. These auxiliary constants p and h are deter¬ 
mined by the frequency, distance, and characteristics of the earth when 
considered as a conductor of radio-frequency currents. 



Flo. 186.—Sommerfeld rcduetion factor A as a function of the numerical distance p for 
various values of phase constant b. 

Examination of Fig.^86 shows that the reduction factor A depends 
primarily upon the numerical distance p. When p is less than unity the 
factor A differs only slightly fron|^nity. The losses in the earth then 
have little effect on the strength of the wave, which is accordingly nearly 
inversely proportional to distance. However, as the numerical distance 
p becomes greater than unity, tlie factor A decreases rapidly, until, 
for p > 10, the factor is almost exactly equal to l/2p. Inasmuch as the 
numerical distance p is proportional to actual physical distance, this 
means that when p > 10, the factor A is inversely proportional'to 
distance, making the field strength of the ground Wave inversely pro¬ 
portional to the square ^ the distance. 

The use of Fig. 186 in practical radio problems is illustrated by the 
following example. 

Example. —A police radio transmitter operating at a frequency of 1690 kc is 
required to provide a ground wave having a strength of at least 0.5 mv per meter at a 
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distance of 10 miles (16 km). The transmitting antenna is expected to have an 
efficiency of 50 per cent, i.c., radiates 50 per cent of the energy actually delivered to it, 
and produces a radiated field that is proportional to the cosine of the angle of elevation. 
The ground is such that a conductivity of 5 X 10“^* e.m.u. and a dielectric constant 
of 15 can be expected. Determine the transmitter power required. 

The first step in the solution is to evaluate the factor A for the conditions of the 
problem. Reference to the equations in Fig. 186 gives 

16.7° 

/ 1690 \ 16 X 1690 X 10* _ 

*’\1.8 X 10‘« X 5 X 10-‘V 3 X 10» ■ 

5.1 


tan h — 
h = 
P = 


From Fig. 186, 


A = 0.15 


Substitution in Eq. (Ill) then gives 


from which 


0.5 = 


300VP X 1 
16 


0.15 


P = 0.0315 kw 


With an antenna efficiency of 50 per cent the transmitter must deliver 63 watts to the 
antenna. 


Curves showing ground-wave attenuation as a function of distance 
for different wave lengths and earth conductivities are given in Fig. 187 
for the case of a transmitting antenna radiating 1 kw of power and having 
a directional characteristic such that the strength of the radiated field is 
proportional to the cosine of the angle of elevation above the horizontal. 
For other powers the field strength will be directly proportional to the 
square root of the power* and with other directivities the field strength 
must be multiplied by a factor giving the relative horizontal field strength 
for 1 kw radiated in the actual ease compared with the field strength for 
the assumed directivity.^ Thus a 50-kw broadcast transmitter, employ¬ 
ing an antenna that increases the field strength along the horizontal to 
1.41 times the field strength obtained with the assumed cosine law, would 
make the radiated field 1.41\/^ = 10 times the value obtained from 
Fig. 187. For purposes of comparison, inverse-distance curves corre¬ 
sponding to zero earth losses and a flat earth are shown. 

The curves of Fig. 187 have been corrected to take into account the 
curvature of the earth, which Eq. (Ill) and Fig. 186 neglect by assuming 
a plane surface. This correction is small at distances up to a few hundred 
miles, but thereafter makes the ground wave somewhat weaker than 
'calculated with the aid of Eq. (111). 

Discussion of Ground-^wave Propagation .—The conf^nctivityL- and 
dielectric constant effective in the equations of Fig. 186 are the average 



Sec. 105] 


PROPAGATION OF RADIO WAVES 


331 


values for the earth extending down to depth of a few feet to over a 
hundred feet, according to the frequency. The dielectric constant and 
conductivity can be most satisfactorily derived from data on ground- 
wave propagation taken over the desired path at a convenient and not too 
different frequency. Knowing the frequency^ distance, and rate of 
attenuation, it is possible to work backward and find the earth constants 
required to account for the results. The values so obtained can then 



Fig. 187. —Strength of ground wave as a function of distance, frequency, and ground 
condu(;tivity for 1 kw of radiated power from an antenna producing a radiated field pro¬ 
portional to the cosine of the vertical angle. (For more complete curves see Proc, I.R.E., 
vol. 21, p. 1419, October, 1933.) 


be used to determine the ground-wave propagation of waves of other 
not too different frequencies over the same general path. 

The earth conductivity varies greatly under different conditions, 
ranging from about 30 X 10“^^ electromagnetic units for moist loam to 
values of the order of 10“^^ for dry sandy and rocky soil. The conductiv¬ 
ity of salt water depends on the temperature and the saline content, 
and averages about 500 X 10“^^ electromagnetic units. The dielectric 
constant of earth commonly ranges from 5 to 30, with the low values 
tending to go with dry soils of poor conductivity and the larger values 
with moist conducting earth. The dielectric constant of water is approxi¬ 
mately 80. 
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At broadcast and lower frequencies, which is where the practical 
importance of ground-wave signals is greatest, the earth impedance is 
primarily resistive for the usual ground conductivities. Under such 
conditions the reduction factor A in Eq. (Ill) is very sensitive to the 
earth conductivity and the frequency but is almost independent of the 
dielectric constant. Strong ground-wave signals at considerable distance 
are then obtained only when the earth conductivity is high, or the fre¬ 
quency is low. In particular, it is to be noted that a salt-water path is 
tremendously superior even to good earth, and this is in turn very much 
better than poorly conducting earth. An idea of the importance of 
conductivity and frequency in determining ground-wave signal strength 
can be gained by study of Fig. 187. 

108. The Ionosphere and Its Effect upon the Sky Wave.—After 
leaving the transmitting antenna, the sky wave travels through space 

(a) Usual Day (a) Usual Night , 

Conditions Conditions 



Electron Density Electron Density 

Fio. 188.—Schematic diagram illustrating the variation of electron density with height 
above earth under typical conditions. 

with a field strength inversely proportional to distance, and ultimately 
reaches the ionized region in the outer portion of the earth’s atmos¬ 
phere. Here, if co nditions are favorable, the path of the wave will 
be bg it earthward. In this way it is possible for waves to travel around 
The curvature of the earth and reach points much too distant to receive 
appreciable ground wave. 

Nature of the Ionosphere .—^The term ionosphere designates the ionized 
region that exists in the outer portion of the earth’s atmosphere. This is 
also sometimes called the Kennelly-Heaviside layer, after the two scien¬ 
tists who independently and almost simultaneously suggested the exist¬ 
ence of such a region. The ionosphere results from ionization of the 
outer atmosphere by solar radiation, and consists of a mixture of free 
electrons, positive ions, and negative ions, in a rarefied gas. 

The effect that the ionized region has on radio waves can be thought 
of as being caused by the free electrons, and is determined by the dis¬ 
tribution of the electron density with height. This distribution has the 
character shown schematically in Fig. 188 and is normally characterized 
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cFj June I 
Hareh,t 


by several distinct maxima, or “layers.” In the daytime there are nor¬ 
mally three such maxima of progressively increasing electron density, as 
at Fig. 188a. .On the other hand, at night the middle or Fi layer normally 
fades out, and the upper or Fi layer descends to occupy approximately 
the same location as the daytime Fi layer, to give the result shown in 
Fig. 1886. 

Average heights of these layers under typical conditions are shown in 

Fig. 189. The lowest or E layer ^__ 

maintains a height of the order of 100 | 

to 120 km with little seasonal or .300 

diurnal change. The Fi layer normally i ^ - 

occurs at 200 to 250 km, and likewise - 

shows only a small seasonal and diurnal __ e___ 

variation. On the other hand, the x 

height of the F 2 layer varies greatly n l i i I 1 1 I . . I . . 
With the season and time of day, with Noon Midnighf 

typical heights being of the order of Fig. 189.—Average height of th« 
250 to 350 km. The night F (or Fi) 
layer ordinarily has a height around 

250 km, and like the Fi layer, exhibits only moderate seasonal and 
diurnal fluctuations. 

The maximum electron density in the layers varies with time of day 
and season as shown in Fig. 190. In the E and Fi layers the maximum 
density is seen to follow a regular diurnal and seasonal cycle, being great- 


8 10 12 2 4 
Noon 


24 68 10 12 246 
I Midnighf 

Average height of th« 



6 8 10 12 2 4 6 8 10 12 2 4 6 6 8 10 12 2 4 6 8 10 12 2 4 6 

Noon Midnight Noon Midnight 


Fig. 190.—Average electron density of the various ionized layers at Washington, D. C., 
during 1933 (quiet part of sunspot cycle). 


est at noon and tapering off at both earlier and later hours, and also 
being somewhat greater in summer than in winter. The maximum elec¬ 
tron density in the F 2 layer shows a much larger diurnal and seasonal 
variation, and also shows a much larger random fluctuation from day to 
day. It will be noted that all the maximum electron densities decrease 
greatly during the night, presumably as a result of recombination in 
the absence of ionizing solar radiation. 
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In addition to seasonal effects, there is a long-time variation in the 
electron density of the entire ionosphere that is associated with the 11-year 
sunspot cycle. This is illustrated in Fig. 191, which shows marked 
changes in the electron density of the layer in successive years with 
distinct though lesser differences in the lower layers. The greatest 
electron densities occur during the most active sunspot periods. 

The heights of the various layers are influenced very little by the 
sunspot cycle, although the F\ layer sometimes disappears. 

Mechanism by Which Ionosphere Affects Radio Waves .—The effect that 
an ionized region has on a radio wave can be understood by considering 
the behavior of a single ion or electron when under the influence of a 
passing radio wave. Take first the case of an electron in a vacuum with 
no magnetic field present other than the weak magnetic field of the wave. 



6 8 10 12 2 4- 6 6 10 12 2 4 6 6 8 10 12 2 4 6 6 10 12 2 4 6 
Noon Midnight Noon Midnight 

Fig. 191.—Electron densities of ionosphere on successive years, as observed at Washington, 

D. C. 

The wavers electrostatic field exerts forces on the electron that cause the 
electron to vibrate along a path parallel with the flux lines of the wave. 
The kinetic energy of this vibration then represents energy abstracted 
from the radio wave. Since a moving charge is an electri(*al current, the 
vibrating electron acts as a small antenna which reradiates the energy 
it has acquired from the wave. How^ever, the velocity with which the 
electron moves is 90° out of phase with the electrostatic field of the wave. 
There is, consequently, a phase difference between the reradiated field 
and the field of the passing wave. Because of this the resultant direction 
of energy flow is altered in such a manner as to cause the wave path to 
bend away from the regions of high electron density toward regions of 
lower density. A wave entering the ionosphere hence tends to be bent 
back toward the earth. Under favorable conditions the wave will 
return to the earth, as shown in Fig. 192. 

The refraction (i.e., bending) that the wave path suffers in the iono¬ 
sphere is greater the lower the frequency. This is because the average 



Sec. 106] 


PROPAGATION OF RADIO WAVES 


335 


velocity with which the electrons vibrate when acted upon by the passing 
wave is inversely proportional to frequency. Consequently the lower 
the frequency the greater will be the energy that is transferred from the 
wave to the electrons, to be ultimately reradiated and produce bending 
of the wave path. 

The action of the ionosphere is also influenced to some extent by the 
earth^s magnetic field. Thus at high frequencies the electrons, instead 



Fiq. 192.—Diagram illustrating refraction of wave by ionosphere and also indicating 

notation used in Eq. (113). 


of vilirating along a linear path as would be the case in the absence of 
the earth’s magnetic field, follow an elliptical path as shown in Fig. 193, 
provided there is a component of the earth’s magnetic field at right angles 
to the electrostatic field of the wave. This is due to the fact that such a 


No effect 
from mao- 
net ic field 


With effect 
of magnetic 
field 


Direction 


magnetic field exerts a force on the moving electron that is at right 
angles to the direction of motion, as explained in Sec. 20. As a conse¬ 
quence of this elliptical path, the electron 
possesses a component of velocity that is at 
right angles to the direction of the electrostatic 
field of the wave. A certain amount of the 
energy reradiated by the electron then has a 
plane of polarization that is at right angles to 
the polarization of the passing radio wave. 

Consequently a wave that travels in the 
ionosphere will have its resultant plane of 
polarization changed. 

A quantitative analysis shows that the presence of the magnetic field, 
in addition to affecting the polarization, also causes^the wave to be split 
into two components termed the ordinary and extraordinary rays, which 
follow different paths, travel with different velocities, and suffer different 
attenuations. As a consequence, a wave that has passed through an 
ionized region will have both vertically and horizontally polarized com¬ 
ponents irrespective of the polarization of the waves radiated from the 


Fig. 193.—Paths followed 
by vibrating electron with and 
without the influence of the 
earth’s magnetic field. The 
magnetic field is perpendicular 
to the plane of the paper. 
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transmitter. Furthermore, the vertically and horizontally polarized 
components will in general not be in the same phase, t.e., the wave will 
be elliptically polarized. 

Refraction of Sky Waves to Earth by the Ionosphere .—The conditions 
required to return a sky wave to earth can be expressed in terms of the 
refractive index of the ionized region. The refractive index is determined 
primarily by the frequency and the electron density, although affected 
somewhat by the earth’s magnetic field and by collisions between the 
vibrating electrons and gas molecules. If the effects produced by the 
magnetic field and the collisions are neglected, then 


Refractive index /i 



( 112 ) 


where 

N = electron density in electrons per cubic centiifieter 
/ = frequency in kilocycles. 

Examination of Eq. (112) shows that the electrons in the ionosphere 
cause the refractive index to be less than the free-space value of unity 
by an amount that increases with the electron density and decreases with 
the frequency. 

A wave entering the ionosphere with an angle of incidence and 
returned to earth, as shown in Fig. 192, will, accordihg to Snell’s law, 
penetrate the ionized region to a point where the refractive index has a 
Nralue mo given by the equation 


Refractive index! 

at apex of path j — cos ^ 


(113) 


An examination of Eqs. (112) and (113) shows that as the frequency 
of the wave is increased while the angle of incidence is kept constant, the 
depth of penetration into the ionized region will increase. This is to be 
expected, since the higher the frequency the less is the effect of the elec¬ 
trons on the wave path, and hence the greater is the electron density 
required to return the wave to earth. The situation is accordingly as 
shown in Fig. 194. A low-frequency wave penetrates only slightly, as 
indicated by path a, because at low frequencies it takes only a small 
electron density to produce a low refractive index. As the frequency is 
raised the penetration becomes progressively greater (path 6), until 
finally Eq. (113) can be satisfied only when the electron density corre¬ 
sponds to the maximum density of the lowest or E layer of the ionosphere. 
Under such conditions the wave penetrates to the middle of the E layer 
before being returned to earth, as shown by path c in Fig. 194. If the 
frequency is still higher, the wave passes through the E layer and enters 
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the next higher layer, penetrating to a point where Eq. (113) is satisfied 
and then returning to earth as shown by path d in Fig. 194. However, 
if the frequency is so high that the maximum electron density in the 
higher layer is insufficient to satisfy Eq. (113), then the wave passes 



Fia. 194.—Wave paths followed in ionosphere for constant angle of incidence but progres¬ 
sively higher frequency. 

through both layers, as indicated by path e, and will not return to earth 
unless there is a higher layer of still greater electron density. 

A study of Eqs. (112) and (113) also shows that waves of a given fre¬ 
quency are returned to earth more readily by the ionosphere the more 
glancing (i.e., the smaller) the angle of incidence. This is to be expected. 



Fio. 195.—Wave paths followed in ionosphere for short waves of constant frequency but 
different angles of incidence, illustrating skip phenomenon. 

since the angle through which the wave path must be bent becomes less 
as the angle of incidence is reduced. The situation that exists under 
typical conditions is accordingly as shown in Fig. 195. When the angle 
of incidence is small, as in the case of path a, the penetration of the iono- 
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sphere is very slight. However, as the angle of incidence increases, the 
electron density required to satisfy Eq. (113) becomes greater, and the 
wave follows a path such as b in Fig. 195. With still further increase in 
the angle of incidence a point is finally reached where Eq. (113) can be 
satisfied only when the electron density corresponds to the maximum 
density of the lowest or E layer. The wave is then barely returned to 
earth by this layer, as shown by path c in Fig. 195. With further 
approach to vertical incidence the wave penetrates the E layer and enters 
the next higher layer. Here it will be returned to earth from a point 
where the electron density is sufficient to satisfy Eq. (113), as shown by 
path dj or will pass on through to higher regions, as in path c, when the 
angle of incidence is too great for Eq. (113) to be satisfied even by the 
maximum electron density in the layer. 



Fig. 196. —Critical frequencies of ionosphere under typical conditions. (Superscripts x 
and o denote extraordinary and ordinary rays, respectively.) 

* 

/ Critical Frequencies ,—For each layer of the ionosphere there is a fre¬ 
quency, called the critical frequency^ for which the refractive index is 
zero at the point of maximum electron density. When the frequency of 
the sky wave is less than the critical value, the layer returns the wave to earth 
for all angles of incidence, even including normal incidence. Each layer 
of the ionosphere has its own critical frequency corresponding to its 
maximum electron density, and as the electron density goes through 
diurnal and seasonal changes, the critical frequency does likewise. Since 
the Fi (or F) layer has the greatest electron density, the critical frequency 
of this layer determines whether or not sky waves of any particular fre¬ 
quency will fail to be refracted back to earth when the radiation strikes 
the ionosphere with normal incidence. Critical frequencies of the various 
layers under typical conditions are shown in Fig. 196. It will be noted 
that these show diurnal, seasonal, and year-to-year changes, with the 
critical frequency of the Ft layer being particularly variable. 
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Ship Phenomena and Skip Distance .—When the frequency exceeds 
the critical value of the (or F) layer, the ionosphere is not able to return 
waves back to earth in the immediate vicinity of the transmitter, because 
this would require that waves with vertical incidence be returned to 
earth. However, it may still be possible to refract waves to earth when 
the angle of incidence is somewhat glancing. Such waves will not return 
to earth until some distance from the transmitter, thus causing the sky 
wave to skip over the immediate vicinity of the transmitter. This is 
illustrated in Fig. 195, where path h represents the sky wave that returns 
to earth nearest the transmitter. The distance from the transmitter to 
the point where the first sky ray returns is called the skip distance and is 
indicated in Fig. 195. When the skip distance is appreciable, the ground 
wave will die out completely in much less than the skip distance. The 
skip region then contains a zone of silence where no signals are received, 
even though strong signals are obtained at greater distances. 

The skip distance for a particular ionosphere layer can be calculated 
with fairly good accuracy by assuming that the wave undergoes a mirror¬ 
like reflection in tlu^ ionosphere at a height corresponding to the point of 
maximum electron d(‘nsity. When the skip distance is small enough so 
that the curvature of the earth can be neglected, this gives^ 

Approximate skip distance! _ 2fih nid ^ 

for flat earth j ^ ^ 


where h = height of layer involved and ^ = refractive index at the point 
of maximum eU^ctron density of the layer involved. 

The particular layer determining the skip distance observed at the 
earth is the layer having the shortest skip distance. In making skip- 
distance calculations it is accordingly necessary to make computations 
for (uich layer present that can return the wave to earth, and then choose 
the smallest result obtaiiunl. The layer that is effective will depend 
upon the frequency, the ski]) distance, and the relative heights and 
electron densities involved. 


* When the skip distance is so large that the carth^s curvature cannot be neglected 
Eq. (114a) takes the form 


sin* (£/2r)_ 

«<(rr) + f 


(1146) 


where 8 is the skip distance, r is the earth’s radius, and m is defined as in E3q. (114o). 
When using Eq. (1146) to determine the skip distance corresponding to a given fre¬ 
quency, the simplest procedure is to calculate the refractive index (and from this the 
frequency) corresponding to several values of assumed skip distance. These results 
can then be plotted and interpolation made for the frequency of interest. 




340 


FUNDAMENTALS OF RADIO 


[Chap. XIII 




Highest Frequency Returned to Earth. —The highest frequency that is 
returned to earth is the frequency for which it is barely possible for the 
maximum electron density of the F 2 (or F) layer to satisfy Eq. (113) 
when the angle of incidence at the ionosphere has the smallest value 
possible in view of the curvature of the earth. This highest frequency 

depends upon the height and electron 
density of the F 2 layer, so shows pro¬ 
nounced diurnal, seasonal, and year- 
to-year variations. Typical daytime 
values are of the order of 20 to 35 me, 
with night values roughly half as great. 

In calculating the behavior of a wave 
in the ionosphere, it is to be noted that, 
with small angles of incidence, the 
angle between 'the A\\ave path and the 
surface of the earth differs from the angle 
Fio. 197.—Diagram illustrating nota- of incidence at the ionosphere because 
tion of Eq. (115). curvature to the earth. The 

relationship can be readily shown to be 



cos 0 = 


cos S 



(115) 


where 

/3 = angle of incidence of wave at lower edge of the ionized layer 
(see Fig. 197) 

$ = angle above horizontal at which wave leaves surface of earth 
(see Fig. 197) . 

h = height of the lower edge of the ionosphere above the earth 

To = radius of the earth. 

The angles P and 6 will be virtually the same except for grazing incidence. 
In the limit where d is zero, it will be found that the smallest possible 
angle of incidence at the ionosphere is of the order of 10 to 15 deg., 
with the exact value depending upon the height of the layer above 
earth. 

Effect of EarlVs Magnetic Field on Path of Radio Wave. —It has already 
been pointed out that the earth ^s magnetic field causes the ionosphere 
to rotate the plane of polarization of the sky wave. In addition, the 
magnetic field causes the ionosphere to have two indices of refraction. 
One of these is the same as the refractive index given by Eq. (112) for 
the case of no magnetic field and results in a portion of the wave following 
a path commonly designated as the ordinary ray. The other refractive 
index is slightly lower than the refractive index as given by Eq. (112) 
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and results in a second portion of the wave following a path termed the 
extraordinary ray. 

The extraordinary ray is either relatively weak or non-existent 
in the case of waves refracted by the E and Fi layers. Waves refracted 
from the layer ordinarily show a strong extraordinary ray, however, 
and since the extraordinary ray has a higher critical frequency than the 
ordinary ray, the F^ extraordinary ray (Jetermines the highest frequency 
that is returned to earth with normal incidence, and also the highest 
frequency that can be returned under any condition. The difference 
in the critical frequencies of the ordinary and extraordinary rays 
depends upon the horizontal component of the earth^s magnetic 
field, and is about 800 kc for the F^ layer in the latitude of Washington, 
D. C. 

Attenuation of Waves in the Ionosphere .—A wave passing through an 
ionized region suffers a loss of energy because the vibrating electrons will 
from time to time collide with gas molecules. When this occurs, the 
kinetic energy that the electron has acquired from the passing wave is 
lost insofar as the wave is concerned. The amount of energy thus 
absorbed depends upon the gas pressure (i.e., upon the probability of the 
electron colliding with a gas molecule), and upon the average energy 
that the electron acquired in its vibration (i.e., upon the energy lost per 
collision). Because of the decrease of atmospheric pressure with height, 
most of the loss of energy that a wave suffers as a result of the ionosphere 
takes place in the E layer, particularly the lower edge of the E layer some 
distance below the point of maximum electron density. Once the wave 
has penetrated well into the ionized region the attenuation is small in 
spite of the high electron density, because there is then so little gas present 
for the vibrating electrons to collide with. 

Theoretical analysis shows that, under conditions where most of the 
absorption takes place in regions well below the apex of the path followed 
by the wave in the ionosphere, the reduction in field strength caused by 
absorption is inversely proportional to the square of the frequency and 
directly proportional to the cosine of the angle of incidence with which 
the wave enters the ionosphere. This is the situation that exists for 
frequencies high enough to pass through the absorbing lower edge of the 
E layer (z.e., frequencies appreciably greater than about 1500 kc), and 
means that for such frequencies the absorption tends to decrease as the 
frequency is raised, and as the wave enters the ionosphere with more 
nearly vertical incidence. 

When the apex of the wave path is in a region where there is appre¬ 
ciable absorption, then the total attenuation suffered by the wave tends 
to be ind<5pendcnt of the frequency and even to decrease at very low 
frequencies. This is because a low-frequency wave penetrates less deeply 
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into the absorbing region, thus more or less making up for the fact that the 
rate of absorption is greater the lower the frequency. 

The total attenuation along any wave path in the ionosphere is 
especially sensitive to the ionization in the lower part of the E layer. 
As a result, the absorption tends to be higher during the day than at 
night, since during the day the electrons are present at lower levels than 
at night. Solar disturbances th^t increase the electron density below the 
main part of the E layer also increase the attenuation v(Ty greatly. 

107. Reflection of Sky Wave by the Ground.—When a sky wave that 
has been refracted earthward by the ionosphere strikes the ground, it 


(a) Vertical Polarization (b) Horizontal Polarization 



0 10 20 30 40 60 60 70 80 90 
t d in Degrees 


Fig. 198.—Reflection coefficient as a function of angle of incidence together with dia¬ 
grams illustrating assumed positive polarities for Eq. (110) for the case of a perfect earth. 
{E and H denote electrostatic and magnetic flux, respectively, and 8ul>8cript8 i and r 
denote incident and reflected components.) 

is reflected. The angle of reflection is equal to the angle of incidence, 
but because of the fact that the earth is not a perfect conductor the 
reflected wave is smaller in amplitude than the incident wave and is 
shifted in phase. The exact behavior depends upon the angle of inci¬ 
dence, the polarization of the wave, the frequency, and the properties 
of the earth. With plane waves the vector ratio of reflected wave to 
incident wave is 

Component of vertical polarization {Fig, 198a) 

Reflected wave ^ c sin 5 — \/c — cos^ b ^ 

Incident wave « sin 5 + y/t - co8^~S ^ ^ 
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Component of horizontal polarization (Fig, 1986) 

Reflected wave _ y/e — cos^ b — sin 5 
Incident wave “ sin 5 
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(1166) 


where 

8 = angle of incidence as in Fig. 198a and 6. 

€ = y/k — j6a\ X 10^^ 

k = dielectric constant of earth (e.s.u.) 

a = earth conductivity (e.m.u.) 

X = wave length in centimeters 

j = v^. 

The quantity on the right-hand side of Eqs. (116a) and (1166) represents 
the reflection coefficient. The absolute magnitude of this coefficient 
gives the ratio of reflected-wave amplitude to incident-wave amplitude, 
and the phase angle of tlie reflection coefficient is the amount by which 
the phase of the reflected wave differs from the phase that would exist 
for a perfect earth. The phase for the latter case is illustrated in Figs. 
198a and 1986. 

The phase and magnitude of the reflection coefficient as a function 
of angle of incidence are shown in Fig. 198c for a typical short-wave case. 
It will be noted that for vertical polarization there is a particular angle 
at which the reflection coefficient ])asses through a minimum, and 
that for more glancing incidence the phase angle of the reflected wave 
approaches 180® (f.e., is reversed). This minimum corresponds to the 
Brewster angle encountered in optics, and decreases as the earth con¬ 
ductivity is increased. 

108. Propagation of Low-frequency Radio Waves (16 to 660 Kc).— 

The propagation of low-frequency waves is characterized by a relatively 
low gro und-\yave_ attenuation and by_the fjxct that tlie^-sky wave is 
refracted back to earth after only a very slight penetration into the 
ionosphere and with little absorption. Furthermore, the ground acts 
"as a practically perfect reflc'ctor for low-frequency sky waves that are 
refracted to eartli by the ionosphere. As a result of this situation, low- 
frequency waves reaching distant ])oints act very much as though they 
were propagated in the space between two concentric reflecting spherical 
shells, representing the earth and the lower edge of the ionosphere. 
The attenuation under such conditions is that caused b y spreading pl us 
the added loss occurring at the earthjS^urface and at the ec jge^nflhe 
ipnqsjjliere. At the very lowest radio frequencies these losses are small. 
However, since the ionosphere conditions go through diurnal and seasonal 
variations, the strength of very low-frequency radio waves received from 
a distant transmitter will fluctuate slightly, being greatest at night and 
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in the winter. This is illustrated by the curve for 17,300 cycles in 
Fig. 199. 

As the frequency is increased, the ground-w ave a ttenuation b e comes 
greater, and it is ne cessary to de^endhqio upon the ^Icy wave for com- 
mumcaudnto distant points. Furthermore, as the frequency is increased 
the loss at the lower edge of the ionosphere tends to be much greater in the 
daytime and in the summer than during the night and winter. Hence 
the strength of signals that have traveled a considerable distance is 
much more variable as the frequency increases, as shown in Fig. 199. 



Fio. 199,—Curves showing average diurnal variation in strength of long-wave signals 
of different frequencies propagated across the north Atlantic during midwinter and mid¬ 
summer months. (Note that signal strengths at different frequencies cannot be compared 
because the radiated power was not the same at all frequencies.) The solid and clear 
strips at the bottom of the figure indicate periods when the entire transmission path is in 
darkness and light, respectively, and the shaded strips indicate part of the path in darkness 
and part in light. 

« 

This trend with increase in frequency continues, until at 500 kc 
the sky wave is almost completely absorbed in the day, although it 
sriffers relatively little absorption at night, particularly winter nights. 
Under such conditions transmi.s.sion in the daytime takes place by means 
of the ground wave, and the range is limited to a moderate value. On 
the other hand, at night the low sky-wave absorption enables sky-wave 
signals to reach distances far beyond the ground-wave range. 

Low-frequency radio signals commonly show a very sharp reduction 
in field strength during the sunset period, as indicated in Fig. 199. This 
is a result of transition from day to night conditions in the ionosphere. 

109. Propagation of Waves of Broadcast Frequencies (Frequency 
Range 650 to 1600 Kc).— At broadcast frequencies the ground-wave 
attenuation is appreciably greater than at lower frequencies, and increases 
rairidlyjw the high-frequency end of the band is approached. Sky 
waves of all Broadcast frequencies are almost completely attenuate^ y 
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during the day, but the night attenuation of the sky wave varies greatly 
with the conditions in the ionosphere, sometimes being moderately high, 
and at other times, particularly during winter nights, becoming very 
low. 

Day Conditions .—During the day the signals received ironi_ a broad¬ 
cast station are the resuIF of ground-wave propagation. The factors 
determining the strength of the signals are hence the transmitter power, 
the frequency, and the earth conductivity, as discussed in Sec. 105. The 
dielectric constant of the earth is only of secondary importance) because 
at broadcast frequencies the earth impedance is primarily resistive. 



a b 

Fig. 200.—Ground-wave strenKth of broadcast signal as a function of distance for 
different earth conductivities and different frequencies. The antenna is assumed to radiate 
a field proi>ortional to the cosine of the angle of elevation. 


The influence of frequency and ground conductivity upon ground- 
wave propagation is shown in Fig. 200. This has been calculated from 
Eq. (Ill) and shows that when it is desired to have a strong ground wave 
at considerable distance from the tran.smitter the frequency should be 
as low as possible. It is also apparent that even with the lowest broadcast 
frequency it is impracticable to obtain strong ground-wave signals at 
appreciable distances if the ground conductivity is unusually low. 

The region about the transmitter in the daytime can be conveniently 
divided into primary and secondary service areas. The primary service 
area represents the region where the ground wave has sufficient strength 
to override all ordinary interference, either naturally or man made. 
The strength of ground wave required to do this ranges from 5 to 30 mv 
per meter in metropolitan areas, to perhaps 0.5 mv per meter in many 
rural regions. 
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/ ^ . 

The secondary service area represents the region where the signals 

have fair strength but are not always sufficient to give perfect reception. 
Field strengths suitable for daytime secondary coverage depend upon 
conditions, and may be as low as 0.5 mv per meter in urban and suburban 
areas, and perhaps 0.05 mv per meter in rural districts. 

Night Conditions ,—The situation that exists at night is illustrated in 
detail in Fig. 201, where it is seen that there are three distinct zones. 
First, near the transmitter the sky wave is relatively weak compared 
with the ground wave, and the latter predominates. Second, at some- 
what greater distances from the transmitter, the ground wave becomes 
attenuated, whereas the sky wave becomes stronger, until finally the 
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Fra. 201.—Diagram illustrating different types of coverage obtained from a high-power 
broadcast station during the daj*and night periods. The top of the shaded area represents 
the lowest field strength that completely overrides the noise level. 


ground and sky waves become of approximately eciual strength. Third, 
at still greater distances the sky wave tends to become still stronger and 
to maintain a relatively high and constant signal strength up to con¬ 
siderable distances. If the transmitter power is large, fair night second¬ 
ary coverage is accordingly obtained over a large area that does not 
\ receive usable signals during the day. 

This behavior of the sky wave is a result of two factors. In the first 
place, because of the height of the ionosphere, the total distance that the 
refracted sky wave must travel is almost the same when the sky wave 
returns to a p6int 100 km from the transmitter, as when returning to 
the immediate vicinity of the transmitter. In the second place, broad¬ 
cast transmitting antennas radiate more energy the lower the vertical 
angle. 
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The region in Fig. 201 where the ground and sky waves have approxi¬ 
mately equal intensity is of special importance. Here the resultant signal 
is the vector sum of two waves that have traveled along different paths. 
Since the difference in path lengths when measured in wave lengths^ 
changes rapidly with variation in frequency, different side-band fre¬ 
quencies will combine differently, with some adding and others sub¬ 
tracting. The result is frequency distortion and received signals of poor 
quality. Furthermore, slight changes in the ionosphere, such as con¬ 
tinually take place, can easily vary the differen(;c in path lengths by a half 
wave length and hence change an addition of the two waves to a subtrac¬ 
tion, or vice versa. This caus(‘s the carrier, and also each individual 
side-band component, to fade in and out more or less independently, 
resulting in what is t(U*med selective, fading. As a result of this situation, 
the signals received in the region where the ground and sky waves have 
approximately ccpial intensity are of such poor quality as to have little 
or no entertainment value. 

At distances from the transmitter so gn^at that only the sky wave is 
received, there is also ordinarily a certain amount of fading and quality 
distortion. This is the result of two or more sky waves following differ¬ 
ent paths in traveling to the receiver. The fading and distortion under 
such conditions are much less severe, however, than when a ground wave 
is also involved. 

Factors Determining Broadcast Coverage .—The factors determining 
the coverage that a particular broadcast transmitter renders are the 
transmitter power, the frcnpiency, the earth conductivity, the directional 
characteristic of the transmitting antenna, and the noise level. The 
effect of transmitter power is shown in Fig. 202a. It is seen that, since 
an increase in power produces a corresponding increase in the strength of 
both sky and ground waves, more power gives better daytime coverage 
and better night signals to distant listeners but does not remove the high 
distortion region. With large power this region of high distortion is 
commonly within the daytime primary service area of the ground wave. 
Under such conditions many listeiuTs receiving satisfactory signals in 
the daytime find the signals unusable at night because of selective fading, 
with the result that the primary service area is less at night than in the 
daytime. 

The intensity of the interfering noise level has much the same effect 
upon reception as does the transmitter power. This is because it is the 
ratio of signal stnmgth to noise that is important, rather than the absolute 
intensity of either. A decrease in the noise level therefore is equivalent 
to increasing the power. 

The effect of the ground-wave attenuation is shown in Fig. 2026. 
High attenuation, such as produced either by low-conductivity earth or 
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high frequency, reduces the daytime coverage very greatly and also 
brings the night high-distortion region closer to the transmitter. 

A change in the directional characteristics of the transmitting antenna 
in such a manner as to cause most of the energy to be radiated at low 
angles above the horizon, and relatively little at high angles, produces 
results shown in Fig. 202c. The ground wave and also the distant sky 
wave are now stronger than before because of the increased concentration 
of radiation along the horizontal. At the same time, the sky wave 
returned to earth at moderate distances from the transmitter is reduced. 
The result is that increased concentration of the radiated energy along 
the horizontal increases the primary service area during the day, gives 
better night coverage to distant listeners, and moves the region of high 
distortion farther away from the transmitter. When the transmitter 
power is sufficiently great so that in the absence of increased directivity 
the night high-distortion region lies in the day service area, the benefits 
obtained by using an antenna that concentrates the radiation along the 
horizontal are very great. 

Calculation of Broadcast Signal Strength ,—The strength of the ground 
wave can be calculated by the methods discussed in Sec. 105. When the 
ground is reasonably homogeneous, the resulting accuracy is entirely 
satisfactory. 

The strength of the sky-wave signals produced by a broadcast trans¬ 
mitter is determined by the transmitter power, the directional character¬ 
istics of the transmitting antenna, the height of the refracting layer, and 
the absorption occurring in the ionosphere. In calculating the strength 
of the sky wave at broadcast frequencies, it is ordinarily assumed that the 
refraction is equivalent to a reflection from a mirrorlike layer having a 
height of 100 km (the E layer), that there is no energy loss except in the 
ionosphere (f.c., field strength inversely proportional to distance except 
for ionosphere loss), and that the reflected wave has a field strength that 
is 20 per cent of the incident wave. This last is admittedly a rather rough 
approximation but represents the best that can be done in view of the 
rather incomplete knowledge concerning the action of the ionosphere at 
broadcast frequencies. 

Calculations of sky-wave field strength can be facilitated by the use 
of Fig. 203. This gives the vertical angle at Which the radiation leaves 
the transmitter, and the ratio of sky-wave to grou'pd-wave path lengths, as 
a function of the distance from the transmitter at which the sky wave 
returns to earth, assuming a 100-km layer height.. 

Detailed procedure for calculating the field strengths to be expected 
at broadcast frequencies is illustrated by the folloWjng example. 

Example. —It is desired to determine the strength of the\ ground and sky waves 
received from a particular broadcast transmitter 100 km (60 miles) distant. The 
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transmitter operates at a frequency of 1000 kc and delivers 10 kw to the antenna. 
The antenna radiates 75 per cent of the energy supplied to it, and has a directional 
characteristic such that the strength of the radiated field is proportional to the cosine 
of the angle above the earth. Propagation data obtained in the same region for waves 
of other frequencies indicate that the ground conductivity is 0.5 X 10“^® e.m.u., and 
that the dielectric constant is 15. 

From Fig. 186, 


tan 5 = 16 


1000 


1.8 X 10‘» X 0.5 X 10"'3 
Hence h — 10.1°, and cos h = 0.984. Also from Fig. 186 


0.178 


1000 

^ ’"i.8 X lO'^'x 0.5 X lO-*"* 

A = 0.053 


100,000 

300 


0.984 - 11.45 


The ground-wave strength is hence 


Ground-wave 

strength 


300\/7.5 

100 


0.053 = 0.44 mv per meter 


I 



From Fig. 203 the sky wave leaves the transmitter at an angle of 64 deg. and the 

actual distance travehul by the sky wave 
is 220 km. Th(‘refore the strength of 
the sky wave is (3(X)\/7^/220) cos 64 
deg. X 0.20 = 0.33 mv per meter. 

110. Propagation Characteris¬ 
tics of Short Waves (Frequency 
Range 1600 to 30,000 Kc).—At 

frequencies above 1500 ke the 

ground wave attcuiuates so rapidly 

100 200 300 ~40o as to be of no importance except 

OistcJince to Receiver. Km . . , 

FIO. 203.-Relation between an^le at transmission ovcr vory short 
which wave leaves the earth and the distance distances.^ Sliort-wave Communi- 
from transmitter at which return takes place .• .i r i* *1 

and also the factor by which the ground-wave thorcforc ordinarily depends 

distance must be multiplied to give the upon the ability of the ionosphere 
distance the sky wave travels. These curves . ^ 

take into account the curvature of the earth ^'^fract the hlgh-frequency sky 
and assume only slight penetration of the wave back to earth at the receiving 
ionized E layer. point without excessive attenuation. 

Optimum Transmission Frequency .—The first requirement for short¬ 
wave communication is that the skip distance be less than the distance 
to the receiver. This determines the highest frequency that can possibly 
be used for transmission. Because of variations in the height and electron 


^ The only cases where ground-wave propagation of short waves is of importance 
is in connection with such things as police radio, where the distances are often very 
small, and in moderate-distance transmission over water, where the ground-wave 
attenuation is very low because of the high conductivity of the water. Frequencies in 
the range 1600 to 3500 kc are used for ground-wave coverage of this type. 
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density of the ionosphere, this maximum frequency varies with time of 
day, season, etc., being highest in the day and during the active part of 
the sunspot cycle. The maximum frequency also depends upon the 
distance. Thus at very short distances the frequency must not exceed 
the critical frequency, while at very great distances it can approach the 
highest frequency that is returned to earth. 

The frequency that places the receiver just outside the skip distance, 
i.e.y the highest frequency that is returned to earth at the receiving point, 
is also ordinarily the frequency for which the ionosphere produces the 
least attenuation. This arises from the fact that short-wave signals 
penetrate far enough into the E or higher layers so that most of the 
absorption of energy takes place well below the apex of the path followed 
by the wave. Under such conditions the energy loss that accompanies 
passage through the layer decreases with increase in frequency, as dis¬ 
cussed in Sec. 106. 

In practical short-wave communication it is desirable to employ a 
frequency somewhat less than the highest possible frequency that might 
conceivably be employed. Although some loss of signal strength results 
when this is done, there is then little likelihood of having the signals 
skip over the receiver as a result of slight changes in the ionosphere such 
as occur from hour to hour and from day to day. As a consequence, the 
lower frequency gives on the average more dependable service and also 
does not require that the frequency be changed so often. 

Since the electron density has diurnal, seasonal, and year-to-year 
variations, the optimum frequency for transmission changes accordingly. 
The result is that it is normally desirable to use at least two frequencies 
to maintain continuous communication between tw^o points wdth the aid 
of high-frequency radio signals. One of these is a relatively low^ fre¬ 
quency for use at night, while the other is about twdee as high and is 
employed in the daytime. The optimum frequency for long-distance 
communication during times of minimum sunspot-cycle activity is 
approximately 20 me in the daytime, and 10 me at night, wdth the values 
increasing somewhat during the active j)art of the suns])ot cycle. 

For short-distance sky-wave communication the frequency must be 
less than the critical frequency, and cannot exceed the critical value 
appreciably even for distance's up to 400 to 500 miles. Examination of 
Fig. 196 shows that the optimum day and night frequencies for short- 
distance communication are of the order of 6000 and 3000 ko, respectively, 
for quiet parts of the sunspot cycle, and become greater when the sunspots 
are more numerous. 

Wave Paths and Desirable Antenna Directivity .—Under practical condi¬ 
tions where the transmitted frequency is somewhat less than the maxi¬ 
mum that could be employed, there are usually several possible paths 
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that the signal may follow when traveling to the receiver. This is illus¬ 
trated in Fig. 204a. Here radiation leaving the transmitting antenna 
at a very small angle above the horizontal follows a path such as a and 
reaches the receiving location in a single hop. Energy radiated at higher 
vertical angles follows paths such as b and c in Fig. 204a, which involve 
more than one round trip between earth and ionosphere. 

The particular path having the lowest total attenuation, and hence 
the path followed by most of the energy reaching the receiver, is a com¬ 
promise between conflicting factors. Thus the wave must traverse the 
absorbing region at the lower edge of the ionosphere twice for each step, 
and if there are very many steps the wave is hence highly attenuated. 
On the other hand, a single-step path such as a passes through the absorb¬ 
ing region the minimum possible number of times, but does so with a very 

(a) Long Distance Communicai-ion ^ (b)Short Disfance 

” Communicahori 

T R''' 

Fiq. 204.—Typical wave paths by which energy might travel from transmitter to 
receiver. For the sake of simplicity only a single ionosphere layer is shown as being effec¬ 
tive in determining the paths. 

glancing angle, which means a comparatively long time spent in the 
absorbing region. Experiments with short-wave signals under conditions 
corresponding to those existing in transoceanic communication indicate 
that for long-distance communication the paths having the least attenua¬ 
tion leave the transmitting antenna at an angle of the order of 10 to 
25 deg. above the horizontal. In the case of transatlantic communication 
this corresponds to two to three steps under the usual conditions (paths 
6 and c of Fig. 204a). 

At short and moderate distances, a single-step path such as a in 
Fig. 2046 corresponds to energy radiated at an appreciable angle above 
the horizontal. The attenuation along such a path is lower than for 
paths having two or more steps as 6 in Fig. 2046, so that short-distance 
communication tends to take place along a single-step path, utilizing 
energy radiated at the appropriate vertical angle. 

The particular ionosphere layer that is effective in returning to earth 
waves leaving the transmitter at different vertical angles depends upon 
the frequency, the vertical angle, and the heights and electron densities 
of the various layers. Under some practical conditions most of the 
energy reaching the receiver will have been refracted by the E layer, while 
at other times the path having the least attenuation will penetrate through 
the E layer and involve a reflection by a higher layer. In still other 
circumstances it is possible for two waves leaving the transmitter with 
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different vertical angles to be refracted by different layers and reach the 
receiver with the same number of steps. ^ 

In long-distance short-wave communication it is desirable to use an 
antenna system that will concentrate the radiated energy at an angle of 
about 10 to 20 deg. above the horizontal. This sends the energy in 
directions where it is most likely to reach the receiver. At short and 
moderate distances the optimum angle is usually somewhat higher and 
increases as the distance is reduced. When short-wave communication 
is to be carried on between two fixed points, it is also desirable to con¬ 
centrate the radiation in the horizontal plane as well as in the vertical, 
since all energy radiated in horizontal directions other than toward the 
receiver is wasted. 

Character of Received Signals, —Short-wave signals received from a 
distant transmitter ordinarily represent the vector sum of several sky 
waves that have traveled over paths of different lengths. This is because 
of the splitting of the wave in the ionosphere as a result of the earth^s 
magnetic field, and because of paths having different number of steps 
or paths refracted from different layers. The small variations that are 
continually taking place in the ionosphere accordingly cause the resultant 
^signal to fade more or less continuously. Since this fading depends upon 
the frequency, the different side-band frequencies contained in a modu¬ 
lated wave may fade independently, giving selective fading with con¬ 
sequent distortion, as discussed in Sec. 109. 

Short-wave signals observed at the receiver have both vertically and 
horizontally polarized components which bear no apparent relation to the 

^ In investigating the paths followed by waves leaving the transmitter at different 
vertical angles it is sometimes convenient to make use of the relation 

Distance in kilometers from ) 

transmitter to point where> = 222(/3 — d) (117a) 

wave returns to earth \ 


where 6 is the angle above the horizontal at which the wave leaves the antenna and 
is the angle of incidence at the ionosphere as given by Eq. (115). Both d and /3 are 
expressed in degrees. In the special cjise where the distance involved is so small that 
the curvature of the earth can be neglected, Eq. (117a) reduces to 


Distance in kilometers from 
transmitter to point where 
wave returns to earth 


2h 

tan 9 


(1176) 


where h is the height of the ionosphere in kilometers. 

Equations (117) assume that the ionosphere produces a mirrorlike reflection at a 
height corresponding to the height of the maximum electron density of the layer 
involved. As a result of the sharply defined character of the layers this gives reason¬ 
ably accurate results except when the frequency is so high as to be barely returned 
by the layer. 
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polarization of the transmitting antenna, which fade independently of 
each other, and which ordinarily are not in phase. This situation is the 
result of the earth’s magnetic field, which causes a wave refracted by the 
ionosphere to have its plane of polarization rotated, and which also 
splits the wave into several components that travel along different paths 
with different velocities, 

111. Propagation of Ultra-high-frequency Waves.—Frequencies 
greater than 25 to 40 me in daytime, and over 10 to 20 me at night, pass 
through the ionosphere without being refracted to earth even when the 
angle of incidence has the lowest value that can be realized in view of the 
curvature of the earth.^At the same time, the ground wave is very 

rapidly attenuated at these frequencies. 
The use of such ultra-high radio fre¬ 
quencies for communication hence re- 
quints that the waves,pass through the 
space above the earth from an elevated 
transmitting antenna to an elevated 
receiving antenna. 

When the distance between trans¬ 
mitter and receiver is small enough for 
the earth to be considered flat, the 
resulting situation is as shown in Fig. 
205. Here wav(\s may reach the receiver 
either by a direct path between transmitting and receiving antennas, 
or by a route involving reflection from the surface of the ground. 
These two weaves tend to cancel e^ch other at the receiver provided 
the distance is much greater than the antemna heights, since 
then the earth reflection is with almost grazing incidence and 
consequently takes place with reversal in phase [see Eq. (116) 
and Fig. 198]. The cancellation is not complete, however, since 
the indirect path is slightly longer than the direct path. When the 
distance from transmitter to receiver is large com])arcd with the height of 
transmitting and receiving antennas, the field strength that results is* 



Fig. 205.—Diagram showing the 
direct and indirect paths by which 
energy may travel from transmitter 
to receiver. For the sake of clarity 
the antenna heights have been greatly 
exaggerated in comparison with the 
distance. 


* This can be shown as follows: Referring to Fig. 205, it is seen from the dotted con¬ 
struction that ri* — (h, — hr)^ d*, and r 2 * = {h, + hr)^ -f d*. For d'^ (h, hr), 
one can then write 


_ _ J ^ , (A. + hr)* 

r,-d + — r,^A + ~^ 

Consequently the difference in path lengths is 

_ . (h. + hr)* - {h. - K)* 2h.hr 

r, - r. =-^- 


The corresponding phase dilTerence caused by the path difference ia 
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Field at receiver = 


4irh,hrEo 


( 118 ) 


where Eo is the strength of the direct wave at a distance d = 1 from the 
transmitter, and dimensions and distances are measured in the same units. 

If the earth were removed, the field strength at the receiver would be 
that due to the direct wave alone, which is Eo/d^ and so would be inversely 
proportional to distance.^ The presence of the earth hence reduces the 
field strength below this frecxspace value by the factor 47r/ia/ir/Xd, and 
makes the field strength inversely proportional to the square of the 
distance. 

Effect of Earth Curvature ,—When the distance between transmitter 


and receiver is considerable, it is neces¬ 
sary to take into account the curvature 
of the earth. This curvature reduces 
the received field strength Ix^ow the 
values that would be obtaiiu'd for a 


/Curvedpafh otc^ua/fy -followed 


Sirctighi hne path 
^'-Earlh 

Fig. 206.—Diagram illustrating how 
the refraction in the earth’s atmosphere 
xi I i • 1 ii i permits direct-ray transmission at ultra- 

at earth, but exjieric'licc shows tliat high frequencies ev en when the straight- 

the correction retiuired is so small as line path is intercepted by the earth’s 
to be negligible as long as a straight- 

line jiath exists between transmitter and receiver. If a straight-line 
path does not exist, it is still ])ossil)le, however, for energy to reach the 
receiver as a result of refraction by the earth\s atmosphere. 

The refraction by the earth’s atmosjdiere at ultra-high frequencies 
comes about because the variation of atmospheric pressure, temperature, 
and moisture content with height causes the refractive index of the 
atmosphere to decrease with elevation. This tends to bend the waves 
back toward the earth in much the same manner as does the ionosphere. 
The amount of curvature that results varies with the atmospheric condi¬ 
tions, but on the average it is ecpiivalent to assuming that the earth’s 
radius is increased by 25 to 35 p('r cent. As a consequence of this refrac¬ 
tion, it is possible to obtain dire(*t-ray ))ropagation of energy between 
transmitter and receiver und('r conditioi^ where a straight-line path falls 


slightly below the earth’s surface, as in Fig. 206. 


i; 

Fii 


^ ^Tvhjlr 

It is because of this phase angle that the direct and indirect rays fail to cancel, so 
that the resultant of the two waves is 2 sin (27r/i,/ir/Xd) times the amplitude Eddoi 
one of the waves. When the angle is so small that the sine of the angle equals the 
angle in radians, the result is Eq. (118). 

* When the transmitting antenna radiates a field proportional to the cosine of the 
angle of elevation, then Eo = 300\/P mv per meter, where Eo is in the direction of 
maximum radiation, P is the transmitter power in kilowatts, and d is in kilometers. 
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The range of the direct rays depends upon the heights K and K of 
the transmitting and receiving antennas, respectively, and the effective 
radius of the earth, according to the formula 

Maximum possible distance 
direct-ray transmission 

where the antenna heights are in feet, the distance is in miles, and k 

represents the ratio of effective to actual 
earth radius and takes into account the 
refraction in the earth^s atmosphere. The 
result of Eq. (119) is illustrated in Fig. 207 
for k = 1.33, which shows that direct-ray 
transmission over considerable distances is 
possible only when the antennas are 
located at high elevations, such as upon 
mountain peaks. Even then the range is 
comparatively modest compared with that 
obtainalde with waves of lower frequency 
where refraction from the ionosphere can 
be utilized. 

Miscellaneous Considerations ,—The 
transmission paths at ultra-high frequency 
are extremely stable as long as a straight- 
line path is possible between transmitting 
and receiving points. However, when the 
transmission distance is so great that it is 
necessary to depend upon the refraction in 
the earth^s atmosphere to obtain direct-ray 
transmission to the receiver, fading frequently occurs as a result of 
variations in the earth's atmosphere changing the amount of refrac¬ 
tion that the wave suffers. This fading becomes very severe when the 
transmission distance approaches or exceeds the maximum possible 
distance of direct-ray transnftsion. 

112. Miscellaneous. Relation of Solar Activity to the Propagation of 
Radio Waves .—The fact that the propagation of all except the very short¬ 
est radio waves depends to a marked extent upon the ionosphere results 
in radio-wave propagation being influenced by such meteorological factors 
as sunspot cycles, magnetic storms, etc. . The effect of the 11-year sun¬ 
spot cycle upon the electron density in the various ionosphere layers has 
already been discussed in Sec. 106. 

Magnetic storms have a very pronounced effect upon radio signals.' 
Thus a severe magnetic storm ordinarily makes the short-wave circuits 
*The term magnetic storm” refers to an abnormal condition characterized 



Fio. 207,—Maximum possible 
optical range between an elevated 
point and the surface of the earth, 
assuming that atmosphere refrac¬ 
tion increases the effective value 
of the earth’s radius by a factor of 
1.33. The maximum possible op¬ 
tical range between two elevated 
points is the sum of the ranges as 
obtained in the above diagram for 
the two heights involved. 


= 1.225ki\/h. + VX) (119) 
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across the north Atlantic completely inoperative for a period of several 
days, and causes subnormal field strengths for a week or more. The 
adverse effect is much less, however, when the entire transmission path 
is nowhere near either pole. 

During a magnetic storm the electron density in the F 2 layer is 
decreased, and the layer height becomes greater. The result is that the 
optimum frequency for transmission is increased. At the same time there 
is a marked increase in absorption, presumably as a result of increased 
ionization in the lower edge of the E layer. 

At the very lowest radio frequencies, such as 15 to 100 kc, magnetic 
storms increase the strength of the day signals slightly, decrease the 
strength of the night signals to approximately the day level, and cause 
the sunset drop in signal intensity to disappear. Hence at very low 
frequencies magnetic storms are, if anything, helpful to long-distance 
communication, rather than harmful as in the case of short waves. 

High-frequency sky-wave signals sometimes experience sudden “fade- 
outs^^ over the entire illuminated half of the earth. These last from a few 
minutes to one hour and are caused by a sudden increase in the absorption 
resulting from increased ionization in the lower part of the E layer. The 
source of this ionization has been traced to bursts of radiation from a 
sudden solar eruption. 

Use of Radio Waves to Investigate the Ionosphere .—Since the way in 
which radio signals propagate is dependent on the conditions in the 
ionosphere, it is possible, by working backward from observed propaga¬ 
tion characteristics of radio signals, to obtain information regarding the 
probable nature of the ionized layer. Indirectly this also gives data 
on the composition of the upper atmosphere. 

The usual method of making such investigations consists in trans¬ 
mitting a short-wave train lasting about 10“"^ sec. and taking an oscillo¬ 
gram record of the signal as received at a point within range of the ground 
wave. Since the wave that reaches the receiver after refraction by the 
ionosphere must travel an appreciably longer path to reach the receiver 
than does the ground wave, there will be a time interval between the 
pulses arriving over the two routes. The length of this time interval is a 
measure of the difference in path lengths, and can be used to calculate 
the height of the layer. The received records ordinarily show a number 
of returned pulses with different time delays, as indicated in Fig. 208. 
These may be the result of double refraction produced as a consequence of 
the earth^s magnetic field, or they may be due to multiple reflections 
such as two round trips between the earth and the ionosphere. 


rapid and excessive fluctuations of the earth's magnetic field. Magnetic storms are 
frequently associated with sunspot activity. 
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The layer heights, obtained from pulse signals by making calculations 
on the bavsis of the velocity of light, are virtual or apparent heights. These 
are always greater than the actual height reached by the wave because the 
wave travels with a velocity less than the velocity of light when in an 
ionized region. Because the layers of the ionosphere are fairly sharply 
defined, the difference between the virtual and actual height is small, 

however, unless the wave passes 
through a region where the electron 
density is such that the wave is 
near a critical frequency. Under 
t:' oao ^11 , those conditions the slowing down 

ceived signal when transmitter within of the wave by the ionization is very 

sroat, and the virtual height be- 
comes correspondingly high. The 
term layer height as ordinarily used without further qualification is 
customarily taken to mean the virtual height for a frequency differing 
sufficiently from the critical freciuency so that the virtual and actual 
heights for the wave path are substantially the same. 

The most effective means of utilizing the })ulse method in investigating 
the ionosphere is to vary the transmitter freciucncy, either continuously 
or in steps, and to obtain the variation of api)arent or virtual height as a 
function of frequency. An example of a simph^ record of this type is 
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Fig. 209.—Typical curves of virtual height as a function of frequency as obtained in 

ionosphere investigations. 

illustrated in Fig. 209. This shows that at a frequency of about 2000 kc 
reflections were returned from a layer having a height about 110 km (the 
E layer). As the frequency was increased the apparent layer height 
first increased gradually, and then suddenly jumped to about 300 km 
at 3000 kc. This jump takes place at the critical frequency for the 
E layer. The critical frequency for the ordinary ray in the Fi layer and 
for the ordinary and extraordinary rays in the F 2 layer in Fig. 209 are 
4000, 4700, and 6500 kc, respectively, and the heights of the Fi and F 2 
layers are approximately 190 and 365 km, respectively. 



y^ve ^ MdlHonafshf 

impulse impulse^ ^vavv impulses 

ground v^y/e A ^ -v 
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Static ,—Radio waves generated by natural causes are referred to as 
static, and produce the familiar clicks, rumblings, crashes, etc., sometimes 
heard in all radio receivers. Static normally has its origin in thunder¬ 
storms and similar natural electrical disturbances, and is in the form of 
impulses, the energy of which is distributed throughout the range of 
useful radio frequencies. Since static is fundamentally a radio signal 
containing frequency components distributed over a wide range of fre¬ 
quencies, the static within any frequency range is propagated over the 
earth in the same way as ordinary radio signals of the same frequency. 
Thus static impulses travel great distances under favorable conditions, 
arrive at a receiving point from a definite direction, and possess diurnal 
and seasonal variations in intensity as a result of corresponding variations 
in wave propagation. 

At low radio fniquencies the static intensity is high because most 
of the energy of a static impulse is concentrated on the lower radio 
frequencies, and because radio waves propagate great distances with 
small attenuation at low frequencies. The intensity of long-wave static 
becomes greater as the frecpiency is reduced and in northern latitudes 
is greater at night and in summer than in the daytime and winter, 
respectively. 

At moderate frequencies, such as those in the broadcast range, a large 
fraction of the static observed during the day is of local origin, because 
of the poor proi)agation of such frequencies during daylight hours. At 
night, however, the lower attenuation causes static impulses of distant 
origin to be heard, with the result that the noise level is ordinarily greater 
at night than in the daytime. 

The static intcuisity commonly observed at short waves, i,e,, frequencies 
from 1500 to 30,000 kc, is much h'ss than at lower frequencies, and during 
a good part of the time is of the same order of magnitude as the noise level 
of a typical radio receiver, A large fraction of short-wave static is ordi¬ 
narily produced by rather distant sourcres. As a result, the static received 
on a particular frequency tends to be greatest when the conditions are 
favorable for long-distance reception on that frequency, and vice versa. 

Very little static is found on frequencies too high to be refracted from 
the ionosphere. At these frequencies the range of the signals is so limited 
that all static must be of relatively local origin. Most of the noise 
observed at ultra-high frequencies is in fact produced by electrical appara¬ 
tus, ignition systems, etc. 

The interference that static produces in a radio receiver can be mini¬ 
mized by designing the receiver to respond to the narrowest frequency 
band that will accommodate the desired signal. This is because the con¬ 
tinuous distribution of static energy over the frequency spectrum makes 
the static reaching the receiver output proportional to the width of the 
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response band. Directivity in receiving antennas also helps reduce 
static by eliminating all static except that coming from the same direction 
as the desired signal. After the full benefits of narrow-band reception 
and directional receiving antennas have been realized, the only remaining 
possibility for improvement in the signal-to-static ratio is either to increase 
the transmitted power or to concentrate the radiated energy in directions 
where it is most effective.' 

113. Use of Different Frequencies in Practical Radio Communica¬ 
tion. —The different uses made of various parts of the radio-frequency 
spectrum arise in part from differences in propagation characteristics 
and in part from situations inherited from the past. Thus broadcast 
stations became established in the frequency range 550 to 1500 kc in 
the early days of radio, when frequencies of 500 kc and below were used 
for marine and military services, and frequencies above 1500 kc by the 
amateurs. Subsequent experience has indicated th^t this range is not 
entirely ideal, and that it would be desirable to have at least some broad¬ 
cast stations operating in the frequency range 300 to 550 kc in order to 
provide better ground-wave coverage for rural areas. 

Frequencies in the range 1500 to 6000 kc are suitable for short- and 
moderate-distance communication and are used for police radio, air¬ 
transport communication, point-to-point communication up to several 
hundred miles, etc. Frequencies from about 6000 kc up to the highest 
that are refracted to earth by the ionosphere are primarily suited to 
long-distance communication and represent the most economical means 
of obtaining long-distance radio communication. Such communication 
is unfortunately not perfectly reliable, however, because of the effects 
of magnetic storms, fade-outs, etc., that occur from time to time. In 
order to maintain continuous radio communication over long distances, 
it is in many cases necessary to have available both long- and short-wave 
transmitters. 

Frequencies greater than 40 me are not ordinarily returned to earth 
by the ionosphere and so are suitable for communication only over very 
limited distances. These frequencies are, however, finding an increas¬ 
ingly wide field of application for short-distance communication and in 
portable equipment. Ultra-high frequencies are also used for television, 
because this is the only place in the frequency spectrum that can accom¬ 
modate the very wide side bands of television signals. 

Frequencies in the range 500 to 100 kc are used for marine com¬ 
munication, aircraft beacons, and other miscellaneous services. These 
frequencies give much better day coverage than do the broadcast fre¬ 
quencies, because of the lower ground-wave attenuation. They also 
give greater accuracy in radio-compass and radio-beacon work. The 
disadvantages of these lower frequencies are the larger antennas required 
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and the fact that the frequency range is so limited that the number of 
stations that can transmit simultaneously without interference is quite 
small. 

Frequencies below 100 kc are used primarily for transoceanic com¬ 
munication. At these very low frequencies radio waves propagate very 
well at all times of the day and night and are not affected by magnetic 
storms. This advantage is partially neutralized, however, by the fact 
that the static intensity is so high that the signal-to-static ratio is often 
rather poor even when the signals are strong. The chief disadvantage 
of the very low radio frequencies, however, is the tremendous cost of an 
efficient antenna and of the large tuning inductances, condensers, etc., 
required when the frequency is very low. As a consequence, low-fre¬ 
quency radio transmitters find their principal use as a supplement to 
short-wave transmitters to provide service at times when magnetic 
storms or other disturbances make long-distance short-wave communica¬ 
tion impossible. 

Since each radio transmitter occupies a band of frequencies, and most 
of the frequencies that can be used in radio communication lie in the 
short-wave and ultra-high-frequency range, it is apparent that the great 
majority of radio transmitters must operate at frequencies above 1500 kc. 
It is accordingly fortunate that the short-wave and ultra-high-frequency 
bands contain frequencies suitable for all types of communication. Thus 
the range 1500 to 6000 is primarily adapted to moderate-distance com¬ 
munication, the range 10,000 to 30,000 kc is suitable for covering long 
distance, and frequencies above about 40 me are ideal for short-distance 
work. 


Problems 

1 . In the example of Sec. 105, what transmitter power would be required if the 
frequency were (a) 2500 kc and (b) 1000 kc? 

2. A 5-kw broadcast station operates at a frequency of 1000 kc and has an antenna 
that produces a field proportional to the cosine of the angle of elevation. If the 
antenna radiates 80 per cent of the energy delivered to it, calculate and plot the ground- 
wave strength as a function of distance, for an earth conductivity 5 X 10“^* e.m.u. 
In making the calculations neglect the modifying effect of the dielectric action of the 
earth (i.e., assume that b in Fig. 186 is zero). 

8. A broadcast station operating at a frequency of 1000 kc delivers 50 kw to an 
antenna that radiates 80 per cent of this power and has a directional characteristic 
such that the field radiated along the horizontal is 1.28 times as great as when the 
antenna radiates a field proportional to the cosine of the angle of elevation. Assum¬ 
ing that the earth conductivity is 10“^’ e.m.u. and that the dielectric constant is 15, 
determine the distance from the transmitter at which the strength of the ground wave 
will be 0.5 mv per meter. 

4 . A transmitter radiates 4 kw of energy from an antenna that makes the radiated 
field proportional to the cosine of the angle of elevation. Determine the strength of 
the ground wave at a distance of 150 km under the following conditions: 
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а. Frequency 550 kc, with (1) sea-water earth, (2) <r = e.m.u., e = 20, and 

(3) <r = 0.2 X 10“*® e.m.u., and c = 5. 

б. Same earth condition*® as a but for a frequency of 1500 kc. 

Tabulate the results. 

5. A series of field-strength measurements about a broadcast station operating at 
900 kc shows that at a distance of 20 miles the strength of the ground wave is 0.25 
of the value calculated on the basis of zero ground losses. Deduce the earth conduc¬ 
tivity for this case, assuming a reasonable value for the dielectric constant. 

6. Describe how conditions in the ionosphere south of the exjuator could be expected 
to differ from those for the northern hemisphere as illustrated in Figs. 189 and 190. 

7. Positive and negative ions in the ionosphere vibrate under the influence of a 
radio wave in much the same manner as do electrons. However, the amount of 
refraction produced by ions is relatively much less than that caused by electrons in 
proportion to density. Explain. 

8. The earth’s magnetic field has no effect upon a wave passing through the iono¬ 
sphere provided the wave is so oriented that the electrostatic lines of force of the wave 
are parallel with the magnetic flux lines of the earth. ^ Explain. 

9. Calculate and plot the refractive index of the Fi layer ai^ a function of frecpiency 
up to the frequency for which m = 0| assuming *^hat the electron density is 2.2 X 10^ 
electrons per cu. cm (corresponding to summer noon at Washington, D. C. as in 
Fig. 190). 

10. From the data given in Fig. 190 calculate and plot as a function of tiim* of day 
the highest frequency that on the average could be used for short-distance communi¬ 
cation (corresponding to a sky wave striking tlui ionosphere with nearly vertical 
incidence) at Washington, D. C., in June, 1933, during the hours 8 a.m. to 6 p.m. 

11. Calculate and plot the skip distance as a function of frcupiency up to distances 
of 2000 km, for ionosphere conditions corresponding to those obtained at noon in June, 
1933, at Washington, D. C. (see Figs. 189 and 190). Indicate on the skip-distance 
curve the layer effective in determining the skip distance for each portion. 

12. Derive Eq. (114a). 

13. What is the skip distance that an amateur transmitter operating at 7200 kc 
can expect when ionosphei'e conditions corre.spond to those at Washington, D. C., 
around noon in June, 1933 (Figs. 189 and 190)? 

14. Calculate and plot skip distance as a function of time of day from 7 a.m. to 
9 P.M. for a frequency of 14,000 kc when the ionosphere conditions correspond to those 
existing at Washington, D. C., in June, 1933 (see Figs. 189 and 190). 

16. Calculate the highest frequency that will be returned to earth under any 
conditions when the ionosphere conditions correspond to those at Washington in 
June, 1933 (see Figs. 189 and 190), when the time of day is (o) noon, (6) midnight, 
and (c) 3 a.m. 

16. A short-wave transmitter operates at a frequency of 5000 kc, and the iono¬ 
sphere conditions correspond to noon in June, 1933, at Washington, D. C. (see Fig. 190). 
For what angles of incidence at the ionosphere will the waves entering the ionosphere 
be returned to earth by; (o) the E layer, (6) the Fi layer, and (c) the F 2 layer? 

17. Determine the transmitter power (assuming that the radiated field is propor¬ 
tional to the cosine of the angle of elevation) required to produce a ground-wave field 
strength of 1 mv per meter at a distance of 200 km when the soil conductivity is 
10“*® e.m.u. and the dielectric constant is 15, for frequencies of 550 and 1500 kc. From 
the results discuss the economic feasibility of obtaining large ground-wave coverage 
at the different broadcast frequencies. 

18. Determine the transmitter power (assuming that the radiated field is propor¬ 
tional to the cosine of the angle of elevation) required to produce a ground-wave field 
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strength of 1 mv per meter at 200 km when the frequency is 550 kc and the earth 
conductivity is 10"^^ (sea water), 10"^* (good soil), and 10'^^ (poor earth). 

19. A proposed broadcast transmitter is to deliver 50 kw of power to an antenna 
that hfis a directional characteristic as shown in Fig. A. The field strength along the 
ground at a distance of 1 mile (which is so close that ground losses can be neglected) 
is expected to be 1750 mv per meter. The transmitter frequency is to be 800 kc. 

a. Plot a curve of ground-wave field strength as a function of distance up to 500 
km for an earth conductivity of 1 X 10"^^ 

b. Calculate sky-wave field strength as a function of distance up to 500 km by 
making reasonable assumptions as to the ionosphere action, and plot the results 
upon the same curve sheet as used for (a). 

c. Discuss the resulting coverage for 
both day and nigiit, including consideration 
of such factors as day and night primary 
and secondary service areas, location of 
high-distortion area, etc. 

20. It is found experimentally that the 
location of the high-distortion region about 
a broadcast transmitter changes somewhat 
during the course of a single night and also 
varies from day to day and sea.son to .season. 

Explain. 

21. The optimum directivity for a broadcast antenna places the nighttime high- 
distortion region at the outer edge of the secondary service area rendered by the ground 
wave. Explain why this optimum directivity depends upon (a) transmitter power, 
(b) transmitter frequency, and (c) earth conductivity. 

22. Calculate and plot the frequency giving the strongest possible received sig¬ 
nals, as a function of distance, for ionosphere conditions corresponding to noon at 
Washington, D. C., in June, 1933 (see Figs. 189 and 190). 

23. It is desired to carry on continuous communication between two points only a 
moderate distance apart and to use not more than two frequencies to cover the 24-hr. 
peripd. If the ionosphere conditions correspond to those in Washington, D. C., in 
December, 1933 (see Figs. 189 and 190), suggest two suitable values of frequency, 
making the frequencies 25 per cent lower than the curves of averages would call for 
to take care of variations about the average, and indicate the hours during which 
each frequency would be used. 

24. Twenty-four-ho\ir communication is to be carried on between points that arc 
a great distance apart, using oidy two fretiuencies. It is desired that all waves leaving 
the earth at vertical angles up to 25 deg. above the horizontal be returned to earth. 
Suggest two frequenci(*8 that wovdd be suitable when the ionosphere conditions corre¬ 
spond to those in Washington, D. C., December, 1933 (sec Figs. 189 and 190), making 
the frequencies 25 per cent lower than called for by the curves to take care of varia¬ 
tions in ionosphere conditions about the average, and indicate the hours during the 
day when each frequency would be used. 

26. In short-distance communication using short wave^, the night frequency will 
be returned to earth close to the transmitter during the day as well as at night. 
Explain why it is customary to use a different frequency for day conditions, instead 
of using the night frequency at all times. 

26. Show that the data given in Figs. 189 and 190 are consistent with the fact 
that the optimum frequency for long-distance short-wave communication is much 
lower at night than in the day but only slightly different in winter than in 
Bummer. 
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27. Short-wave communioation is to be carried on at noon between two points 
200 km (125 miles) apart. Determine the vertical angle at which the transmitted 
energy should be concentrated, assuming that the ionosphere conditions correspond 
to those for December in Figs. 189 and 190 and that the transmitter frequency is (o) 
2750 kc and (6) 4000 kc. 

28. Plot curves, showing distance from transmitter at which waves return to earth, 
as a function of the angle above‘ horizontal at which radiation leaves the transmitting 
antenna, when the ionosphere conditions correspond to those at noon in Washington. 
D. C., in June, 1933. Plot separate curves for each layer. 

29. The antenna for a proposed television transmitter is to be located at the top 
of a building 750 ft. high, (a) Over what distance is direct-ray coverage possible, 
assuming that the average receiving antenna will have a height of 30 ft.? (6) Over 
what distance is a straight-line path possible, assuming the same receiving antenna? 

30. An ultra-high-frequency transmitter operating at a wave length of 5 meters 
with a power of 100 watts is to be used for communication between two points 30 miles 
apart. The height of the transmitter antenna is 400 ft. (a) Determine the minimum 
height of the receiving antenna for which direct-ray reception is possible, (b) Esti¬ 
mate the field strength received by a receiving antenna 400 ft. high, assuming the trans¬ 
mitting antenna radiates a field proportional to the cosine of the angle of elevation. 

31. What transmitter power is required to deliver a 0.050 mv per meter signal at 
5 meters when the transmitting and receiving antennas are both 50 ft. high, the dis¬ 
tance is 10 miles, and the radiated field is proportional to the cosine of the angle of 
elevation? 

32. When pulse signals are being returned from the Fi layer, the virtual height is 
greater when the frequency is just barely high enough to permit penetration of the E 
layer than when a higher frequency is used, even though the waves actually penetrate 
farther up into the Fi layer the higher the frequency. Explain. 
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ANTENNAS 

114. Fundamental Laws of Radiation. —An understanding of the 
mechanism by which energy is radiated from a circuit, and the derivation 
of equations for expressing this radiation quantitatively, involve concep¬ 
tions that are unfamiliar to engineers. The mathematical formulas that 
express the results of such an analysis are, however, quite simple and 
understandable. Thus the strength of the 
field radiated from an elementary length of 
v.ire SI carr 3 ring a current I (see Fig. 210) is 
given by the formula 

s == cos 0 >(^t - cos e 

= -^{61)1 cos cos 8 (120) 

where 

8 ~ the strength of the wave in volts per meter 
SI = the length of wire from which the radiation takes 
place, measured in the same units as X 

I cos (w< + 90°) = current flowing in the wire in amperes 

d = distance from P to the antenna in meters (assumed 
large compared with X) 

6 = angle of elevation of point at which field is desired 
with respect to a plane perpendicular to the con¬ 
ductor Si 

f = frequency of current in cycles per second 
0) = 2irf 

t = time in seconds 

c = velocity of light = 3 X 10* meters per second 
X = wave length corresponding to frequency /. 

Since the radiated field is proportional to cos 6, the field is maximum 
in a plane perpendicular to the axis of the elementary antenna and zero 
in the direction of the axis. The phase of the radiated field depends upon 
the phase of the antenna current I and upon the distance. The wave 
front lies in a plane perpendicular to a line drawn toward the antenna, 
and the polarization of the wave is the same as that of the antenna, t.e., 
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Fio. 210.—Elementary 
doublet consisting of a length 
of wire 61 carrying a current /. 
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the antenna and an electrostatic flux line of the wave lie in the same 
plane. The magnetic field associated with the wave is perpendicular to 
the electrostatic flux and is related to it by the equation 

8 = 300^ (121) 

where U is in lines per square centimeter, and 8 is in volts per centimeter. 

The field radiated from a complete antenna is found by adding up the 
separate fields produced by the elementary lengths of the radiator, taking 
into account phase relations and polarization in making this addition. 
The process of determining the field radiated by an antenna system is 
accordingly a matter of mathematical or graphical integration, based 
upon the configuration of the antenna conductors and the distribution 
of current flowing in them. 


Grounded 


<C>L*|-JL <oDL*y>. <€) (ci*b)4 



U»igrouttdecl Antennas Without Loading 
<g)L*^ <h)L=A- <i)L=2>. 



Loaded Ungrounded Antenna 
A 


Fig. 211.—Current distribution in typical antennas. In each case the current has a 
sinusoidal distribution and is zero at the open ends. 


Current Distribution in an Antenna .—An antt'una is a circuit with 
distributed constants and so has a current distribution of the type dis¬ 
cussed in Sec. 19. The current is zero at the open ends of the antenna 
and also approaches zero at all points that are an ('xact multiple of a half 
wave length distant from an open end. At the same time the current is 
maximum at points that are odd quarter wave lengths distant from the 
open ends. The distribution of current with length is substantially 
sinusoidal except near the current minima. Because of this, and the 
fact that the currents on adjacent sides of a minima are almost 180® 
out of phase, it is customary to show the current distribution of a radio 
antenna by means of sine waves, as illustrated in Figs. 29 and 211. While 
it has already been pointed out in Sec. 19 that this is not strictly correct, 
the resulting error involved when calculating radiated fields is ordinarily 
negligible. In this sinusoidal distribution of current, one cycle occupies a 
distance along the wire corresponding to one wave length of a radio wave 
in space. Examples of current distribution in a number of typical anten¬ 
nas are shown in Fig. 211. The current in each case follows a sinusoidal 
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law and is zero at the open ends. When the lower end of the antenna is 
grounded, as in a to/, or when the length of an ungrounded antenna is not 
an exact multiple of a half wave length, as at j, the current distribution 
is made up of sections of sine waves, as shown. 

Example of Antenna CalcMlation .—The calculation of total field radi¬ 
ated from an antenna is illustrated by the following example. 

Example. —It is desired to calculate the radiated field produced by an antenna a 
half wave length long carrying a current h at the center of the antenna and located 
in space remote from ground. 

Taking the mid-point of the antenna as the reference (x = 0 at mid-point), then 
the current distribution is given by the equation 

i = Io{cos ?"^[cos (a.< + 90“)] (122) 

Referring to Fig. 212a, the field radiated from an element dx of the antenna in the 
direction P has from Eq. (120) a magnitude given by 

d& - ^ (123a) 

Considering the field radiated from the mid-point (x = 0) as the reference phase, 
then the radiation from an element dx at a distance x from the mid-point reaches 


(a) Actual Antenna (b) Directional Characteristic 



Fia. 212.—Half-wave antenna in space, and directional characteristic, with directional 
characteristic of elementary antenna shown for comparison. 

a distant point P sooner than does the radiation from the mid-point, because the 
distance is less by x sin 0, which corresponds to (27rx/X) sin B radians advance in 
phase. The in-phase and quadrature components of d8 are hence 

In-phasc com-) 6(hr, ,, 27rx\ ^ /27rx . 

ponent of S = x) (x V (^236) 

Quadrature com-J fiOir., / 27rx\ ^ . /2Trx . \ 

p:,nc„t of rfe S = -r) (x V (‘230 

The total field resulting is obtained by integrating Eqs. (1235) and (123c) from 

X = — ytox = Accordingly, 

4 4 
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In-phase com¬ 
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(124) 


The corresponding integration of Eq. (123c) shows the quadrdture component to be 
zero, so that Eq. (124) gives the total field. 


Equation (124) is shown graphically in Fig. 1126, in which the length 
of the radius vector in any particular direction is proportional to the 
strength of the field radiated in that direction. 

Examination of Fig. 2126 shows that whereas the field radiated from 
an individual elementary length of the antenna is proportional to cos 
as shown by the dotted lines, the total ficdd from the half-wave antenna 
is more sharply concentrated at right angles to the axis of the wire. The 
reason for this is that, although radiation from all parts of the antenna 
adds in phase to a distant observer in the direction Pi, an observer in 
another direction such as P is closer to one end of the half-wave antenna 
than to the other end, so that the radiation from the different parts of the 
half-wave antenna will then more or less cancel. 

116. Fundamental Properties of Receiving Antennas and Reciprocal 
Relations Existing between Transmitting and Receiving Properties. —A 
receiving antenna abstracts energy from a passing radio wave as a result 
of the voltages that the magnetic flux of the wave induces in the antenna. 
These induced voltages are distributed along the entire length of the 
antenna and have a value which per meter of antenna length is 8 cos ^ cos dj 
where 8 is the field strength of the wave in volts per meter, \f/ is the angle 
between the plane of polarization and the wire in which the voltage is 
induced, and $ is the angle between the wave front and the direction of the 
antenna wire. It will be observed that the quantity 8 cos ^ cos 6 is the 
component of the electric field that is parallel to the antenna. 

Useful output is obtained from an antenna by means of a series load 
impedance Zx,, as shown in Fig. 213. By Th6venin*s theorem it is possible 
to replace the antenna with its distributed constants and distributed 
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induced voltage by a generator of voltage E with internal impedance Za 
as shown in Fig. 213. The equivalent generator voltage E represents the 
voltage appearing across the load terminals when the load impedance Zl 
is infinite, and the impedance Za is the impedance that the load sees when 
looking toward the antenna. The ratio of generator voltage E to field 
strength 8 is termed the effective height of the receiving antenna. The 
current that flows in this equivalent circuit is exactly the same as the 
current that flows in the corresponding part of the real antenna. 

The energy absorbed by the load is maximum when the resistance of 
the load equals the resistance component of the antenna impedance, and 
the reactance of the load is equal in magnitude but opposite in sign to the 
reactive component of the equivalent antenna impedance Z„. 


Acfuoil Antenna Equivalent" Antenna Circuit 
Circuit Ecfuiva/enf anfenna ^mpeo^c^nce^ 


,D/sfribufeof f 

——Pi 

vo/fotges 1 

Loaot 

fqui\/Of/enE'^\ 

impeotance-^ 

-7 

concent raf€d\ 

_ 


V O/facte 

*77777777777777T> 


Fig. 213.—Actual receiving antenna with load impedance Zj_, and distributed induced 
voltages together with equivalent antenna circuit in which the distributed voltages are 
replaced by a lumped voltage E and the distributed antenna impedance by an equivalent 
concentrated impedance Za. 


Reciprocal Relations between Receiving and Radiating Properties, and 
the Rayleigh-Carson Reciprocity Theorem .—Many properties of an antenna 
are the same when radiating as when receiving. These reciprocal rela¬ 
tions b('twet'll the transmitting and receiving properties of an antenna 
are incorporated in reciprocal theorems, the most important of which 
was discovered by Rayleigh and extended to include radio communication 
by John R. Carson. It is to the effect that, if a voltage E inserted at point 
A in antenna 1 causes a current I to flow at point B in antenna 2, then the 
voUage E applied at point B in antenna 2 will produce the same current I 
{both in magnitude and phase) at point A in antenna 1. The Rayleigh- 
Carson theorem fails to be true only when the propagation of the radio 
waves is appreciably affected by an ionized medium in the presence of a 
magnetic field, and so holds for all conditions except short-wave trans¬ 
mission over long distances. Even then, it is to be expected that on the 
average the theorem will still apply, even when it cannot be depended upon 
to be exactly correct at every instant. 

An important consequence of the reciprocity theorem is that the direc¬ 
tional characteristics of an antenna are the same when it is abstracting 
energy from passing waves as when it is radiating its own field. 

116. Effect of the Ground. Image Antennas. —When an antenna is 
near the ground, energy radiated toward the earth is reflected as shown 



370 


FUNDAMENTALS OF RADIO 


[Chap. XIV 


in Fig. 214, so that the total field in any direction represents the sum of a 
direct wave plus a reflected wave. In the case of a perfect earth (infinite 
conductivity) the reflection is complete and can be taken into account by 
replacing the ground by an image antenna as illustrated in Figs. 214 and 
215. The fields produced by the joint action of the actual antenna and 

its image are the same fields that actu¬ 
ally exist in the space above earth in 
the presence of the ground. 

Examples of image antennas for a 
number of cases are given in Fig. 215. 
The general principles for setting up the 
image antenna for a perfect earth are as 
follows: 

1. The iinaj^e antenna has a physical con¬ 
figuration that is thoi mirror image of the 
actual antenna. 

2. The currents in corresponding parts of 
the actual and image antennas (t.e., parts lying on the same vertical line and at the 
same distance from the earth surface) are of the same magnitude, and flow in the 
same direction when the corresponding parts are vertical and in the opposite direction 
when they are horizontal. 

The wave reflected from the ground canetds the direct radiation from 
the antenna in certain directions and adds to the dirt^ct radiation in other 



Fig. 214.—Diagram illustrating how 
the wave reflected from the earth can 
be considered to have been produced by 
an image antenna. 
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Fio. 216.—Images for common types of antennas. 


directions. This is apparent from Fig. 214, where it is seen that the 
direct and indirect paths to a distant observer differ in length by an 
amount that depends upon the height of the antenna above ground and 
the angle of elevation B involved. Hence the phase with which the direct 
and reflected waves combine will depend upon the height above ground 
and the angle of the radiation above the horizontal, as well as upon 
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whether the image currents and antenna currents have the same or oppo¬ 
site phase. 

Analysis of Ground Action in the Case of a Perfect Earth. —The resultant 
field produced by the radiation from an elementary antenna and its cor¬ 
responding image can be analyzed with the aid of Fig. 214. Here it will 
be observed that the difference in distance to a distant observer from 
the antenna and its image is 2H sin 9. This is likewise the difference 
in path length of the direct and reflected waves and corresponds to a phavse 
difference of 2t{2H /\) sin $ radians. Hence for a perfect earth, and an 
image of the same polarity as in the radiating antenna {positive image)y 
one has 


Actual radiation in 
presence of ground 


2 


cos 



Radiation from 
antenna when 
in free space 


(125a) 


Similarly, when the image currents arc of the opposite polarity from the 
currents in the radiating antenna {negative image)^ then 


Actual radiation in 
presence of ground 


( jj \ (Radiation from 
27r- sin jantenna when 
' fin free space 


(1256) 


In these equations ///X is the height of the center of the antenna above 
ground, measured in wave lengths, and 6 is the angle of elevation above 
the horizontal. 

Examination of Fig. 215 shows that the factors of Eqs. (125a) and 
(1256), although derived for an elementary portion of an antenna, will 
also give the effect of the ground in the case of ungrounded vertical or 
horizontal antennas of finite kmgth. Thus for a vertical antenna that 
is an odd numlxT of half wave lengths long, the effect of the ground 
con be calculated by means of Kq. (125a) on the basis of a positive image. 
Similarly, the effect of the ground in the case of a horizontal antenna, or a 
vertical antenna that is an evem number of half wave lengths long, can 
be calculated by Eq. (1256) assuming a negative image. In either case 
the antenna lu'ight H used in the equations is the height of the center of 
the antenna above ground. 


The nature of the factor 





which takes into account 


the effect of a negative image, is indicated in Figs. 216 and 217. It is 
seen that the ground reflection causes cancellation along the ground and 
at certain vertical angles. The angle of elevation of the first lobe above 
the horizontal also decreases as the height of the antenna above earth is 
increased. Consequently, in order to obtain strong radiation in directions 
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Heighf Above Ground*2X Height Above GroufidMA 


Fio. 216.—Polar diagram of the negative image factor 


j^2 si 


// 


sin (2ir — sin 0) 


I for various 


values of H/\ showing how the height above earth affects the directional characteristic of 


the antenna. 



Fio. 217.—Chart showing the vertical angles at which the negative image factor 

1^2 sin sin 0) J is maximum and zero. These represent the vertical angles at which 

the reflections from the ground cause complete reinforcement and complete cancellation, 
respectively, of the radiation. With a positive image the positions of the nulls and maxima 
are interchanged. 
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approaching the horizontal in the presence of a negative image, it is neces¬ 
sary that the height above earth approach one wave length. 

With a positive image the positions of the lobes and nulls are inter¬ 
changed from the conditions shown in Figs. 216 and 217, and there is a 
maximum of radiation along the ground. 

Effect of Imperfect Earth, —In the practical case of an imperfect earth, 
losses in the ground cause the reflected wave to be smaller in magnitude 
and to differ slightly in phase from the reflected wave obtained with a 
perfectly conducting earth. The modifications produced in the direc¬ 
tional pattern by an imperfect earth are small, however, unless the earth 
is an unusually poor conductor and the vertical angle is large. Inasmuch 
as under ordinary conditions only the radiation at low or moderate ver¬ 
tical angles reaches the receiver, it is hence customary to assume a perfect 
earth in making calculations of the field radiated by an antenna.^ 

Effect of Ground on Receiving Anteyinas. —The reciprocity theorem 
shows that the effect of the ground is the same for reception as for radia¬ 
tion. Thus if an antenna radiates little or no energy in a particular 
direction as a result of the effect of the ground, it will likewise have little 
or no voltage induced in it by waves arriving from the same direction. 
The effect of the earth in the case of a receiving antenna can accordingly 
be calculated by Eq. (125a) or (1256), as the case may be. 

117. Directional Characteristics of Simple Antennas. —The direc¬ 
tional characteristics of transmitting antennas are important because 
only those waves radiated in certain directions from the transmitter will 
reach a particular receiving point, and all energy radiated in other direc¬ 
tions is wasted as far as transmission to this receiver is concerned. Direc¬ 
tional characteristics of receiving antennas are likewise important because 
an antenna that abstracts more energy from waves coming from the 
direction of the transmitter than from waves of equal strength arri\’ing 
from other directions will not pick up as much interfering signals and 
static arriving from other directions. 

The fundamental factors determining the directive characteristics of 
antennas can be understood by considering a series of simple cases that 
incorporate the various principles involved. 

Resonant Wire Remote from Ground. —The directional characteristics 
of a single wire remote from ground and having a sinusoidal current dis¬ 
tribution depends upon wire length as shown in Fig. 218. The directional 
characteristic is seen to consist of a number of lobes, the largest of which is 
the one making the smallest angle with respect to the wire axis. Increase 
^ The effect of an imperfect earth can be taken into account by assuming that the 
currents in the image antenna are less than the currents in the radiating antenna by the 
factor A and likewise differ in phase from the perfect ground case by an angle 
where A and are the magnitude and phase of the reflection coefficients as calculated 
from Eq. (116). 
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in the wire length reduces the angle of this major lobe and also increases 
the number of minor lobes, as shown. 

The directional characteristic of a long wire differs from that of an 
elementary antenna because the current in different parts of the long wire 
may not be in the same phase, and because the distance from a remote 



Length s ^ X Length = X 
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Fig. 218.—Polar diagrams showing strength of field radiated in various directions from 
an antenna consisting of a wire remote from the ground, together with a curve giving the 
angle the first lobe makes with the wire as a function of wire length. 


point to various parts of the long wire will in general differ. The result 
is that the field radiated from different elemt^ntary sections of a long 
antenna add vectorially to give a sum that depends upon the direction. 
Thus in Fig. 219 an observer in the direction P receives no radiated field 
because he is equidistant from the two halves of the antenna, and these 
p halves carry currents of opposite phase. 

^ ^P, . An observer P 2 likewise receives no field, 

j ' because an elementary h'rigth radiates zero 

1 .^Currenf fi^ld iu the direction of the axis. On the 

1 ^ ^ ^^ o^ribution hand, the field iu the direction P\ is 

.. relatively strong because, although the 

oin ^ radiations from the two halves of the 

factors controlling the directional antenna start out ill this direction in 

opposite phase, the distance from Pi to the 

that the radiation docs not cancel 1 , r 1 

in the direction Pi because of the two halves of the apteiina IS different, 

different distances to the two ends j cancellation does not take place, 
of the antenna. ^ 

Grounded Vertical Wire ,—The direc¬ 
tional characteristic of a vertical wire grounded at the lower end 
depends upon the height of the antenna measured in wave 
lengths, as shown in Fig. 220. When this height is equal to 
or less than a quarter wave length, the strength of the radiated 
field is almost exactly proportional to the cosine of the angle of elevation. 
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With heights equal to or slightly greater than a half wave length there is 
marked concentration of radiation along the horizontal, and with heights 
of 3X/4 and greater most of the radiation is at a rather high vertical angle. 

Grounded vertical antennas are sometimes provided with a flat-top 
structure, as in the fourth and fifth antennas of Fig. 215. When a flat 
top is present, the total radiated field consists of the vertically polarized 
radiation produced by the current in the vertical portion and its image, 
plus the horizontally polarized field radiated from the flat top and the 
image of the flat top. The fraction of the total field radiated from the 
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Antenna Length-3^ Antenna Length“\ 

Fi(}. 220.—Directional characteristics in a vertical plane produced hy grounded vertical 
antennas of varying lengths. These polar diagrams can be thought of as cross sections 
of a figure of revolution about the axis of the antenna, and they assume a perfectly con¬ 
ducting earth. A sinusoidal current distribution is also assumed. 


flat top is SO small in most flat-top antenna designs, however, that it is 
customarily neglected. 

The directional characteristic of an antenna with flat top is substan¬ 
tially the same as the directional characteristic of a simple vertical antenna 
having a height somewhat greater than the height of the vertical portion 
of the flat-top antenna. This is because the presence of the flat top 
increases the current in the vertical portion of the antenna as shown in 
Figs. 211 and 215. 

Spaced Antennas .—An important means of obtaining directivity is by 
combining the radiation from two or more spaced antennas. A simple 
example of such directivity is illustrated in Fig. 221a, which shows two 
vertical antennas spaced a quarter wave length apart, carrying equal 
currents, and excited so that they are 90® out of phase. To an observer at 
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the point Pz, the radiation from the two antennas adds because, although 
the radiation leaves antenna A a quarter of a cycle ahead of the radiation 
from antenna 5, it takes this first radiation a quarter cycle to travel the 
quarter wave length to antenna and the two radiations add in the direc¬ 
tion toward P 3 . However, to an observer at Pi the radiations from the 
two antennas cancel because the radiation from antenna B starts a quarter 
cycle late and loses an additional quarter cycle in traveling to A, thereby 

arriving exactly in the correct phase to 
canccl the radiation that is starting out 
90® Out of Phase ^ towards Pi. A distant ob- 


^ (Radtaftons 
n cancel) 



server at P 2 is equidistant from the two 
antennas, and, since the radiations 
start out with a phase difference of 
90°, they will add up in quadrature at 
P 2 to give a result^ that is \/2 times 
the field radiated from a single antenna. 
The resulting directional pattern is a 
cardioid as shown in Fig. 221 a. By 


(b) Padiated Fields from Two Antennas 
Carrying Currents of Equal Magnitudes 
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Fig. 221. —Diagram illustrating how directivity is obtained by the use of two spaced 
antennas, together with directional patterns obtained from a pair of spaced antennas with 
different spacing and phasing but carrying currents of equal magnitude. In part (6) the 
antennas are on a horizontal line. 


changing either the spacing, the relative phase, or both, other directional 
patterns are obtained as illustrated in Fig. 2216. 

More complicated systems of spaced antennas are considered in the 
section below on antenna arrays. 

Non-resonant Long-wire Antennas .—When the end of an antenna is 
properly terminated, the current distribution is as illustrated in Figs. 28c 
and 222 a. The current dies away exponentially with distance from the 
sending end, and there is a phase shift that increases uniformly with 
distance and amounts to 360° per wave length. 
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A long wire with such a current distribution has a directional charac¬ 
teristic determined by the same factors that have been considered above. 
However, because the law of amplitude and phase variation of the current 
is different, the directional characteristics will as a result be modified. 
The results for several typical cases are shown in Fig. 222. Here it is 
seen that the maximum radiation takes place at an angle, with respect 
to the axis of the wire, which decreases as the wire becomes longer and is 
affected only slightly by the attenuation. It will be noted that the radia¬ 
tion mttern is substantially unidirectional. 

of Directive Antennas ^— The merit of a directional antenna is 
most conveniently measured in terms of the antenna gatrif which is defined 


<ot> Non-resonant Antenna 
Cur re n f dis fribufion 
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Fig. 222.—Typical directional characteristics for a non-resonant wire in space. These 
patterns may be considered as cross sections of a figure of revolution in which the wire 
is the axis. 

as the power that must be supplied to a standard comparison antenna to 
radiate a given field strength in the desired direction, divided by the power 
that must be supplied to the directive antenna to accomplish the same 
result. Thus a gain of 100 (= 20 db) means that the directive antenna 
requires only J/foo a-s much power to produce a given field strength in 
the desired direction as does the comparison antenna. Conversely, when 
both antennas are supplied with the same power, the directive system 
will make the received energy 100 times as great (corresponding to a ten¬ 
fold increase in field strength). 

The comparison antenna is usually taken either as a wire one-half wave 
length long and at arbitrary orientation and height above earth, or as a 
very short vertical wire. 

118. Antenna Arrays. —Directional arrangements involving a com¬ 
bination of two or more spaced antennas are termed antenna arrays. 
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The array represents one of the most widely used methods of obtaining 
directivity. 



Fio. 223-—Effect of array length and element spacing on the directional characteristics of 
field radiated from a broadside array in a horizontal plane. 


Broadside Array .—A broadside array consists of a number of antennas 
carrying equal currents, excited in the same phase, and spaced at uniform 
intervals along a straight line. The broadside array is characterized by a 

concentration of radiation in a plane 
at right angles to the line of the 
array, with a tendency for radiation 
in other directions to be canceled. 

The properties of typical broadside 
arrays are illustrated in Fig. 223. 
The sharpness of the directional 
pattern in a plane containing the line 
of the array is proportional to the 
array length and is substantially 
independent of the spacing of the 
individual radiators, provided this 
spacing does not exceed a certain 
critical value. The gain of the array 
is likewise proportional to the length, 
as shown in Fig. 224. 

The individual antennas making 
up the array can be of any desired 
type. Thus it is possible to use either 
horizontal or vertical radiators, or each elementary radiator of the array 
can itself be an array, thus giving an array of arrays. In any case the 
broadside arrangement increases the sharpness in a plane containing the 



Fio. 224. —Gain of broadside array as 
s function of array length for various 
element spacings. These curves are for 
the case where radiation from the indi¬ 
vidual antenna is proportional to the 
cosine of the angle of elevation, and they 
give the gain over a single element of the 
array. 
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End’-fire Array ,—The end-fire array consists of a series of antennas 
arranged in a line, carrying equal currents and excited so that there is a 
progressive phase difference between adjacent antennas equal in cycles to 
the spacing between antennas in wave lengths. Thus, if the adjacent 
antennas are a quarter wave length apart, a phase difference of 90® 
between adjacent antennas is called for. The result of such a phasing 
system is to concentrate the radiation in the direction toward the end of 
the array having the most lagging phase, as illustrated in Fig. 225. The 
unidirectional nature of the resulting characteristic makes the end-fire 
array of considerable practical importance. 

The principal properties of an end-fire array are illustrated in Figs. 
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Array Ltng+h in Wave Leng4hf 


Fiq. 226.—Gain of end-fire array as 


a function of array len^h for various 


element spacings. These curves are 


calculated on the assumption that the 
radiation from the individual antenna 


225 and 226. The degree of concentra¬ 
tion in both horizontal and vertical 
planes is proportional to the length of 
the array and is also independent of 
the spacing of the elementary radiators, 
provided this spacing docs not exceed 
a critical value. The gain of the array 
is likewise proportional to length and 
nearly independent of spacing up to the 
critical spacing. This critical spacing 
depends upon the directivity of the 
individual radiators, and is approxi¬ 
mately 3X/8 with antennas whose 
length does not exceed X/2, but it can 
be greater if the individual radiators 


is proportional to the cosine of the angle 
of elevation. 


have greater directivity 
wave radiator. 


than a half- 


The directive characteristics of end-fire arrays can be calculated in the 
same manner as the broadside array by adding up the radiations produced 
in the desired direction by each element of each antenna. The necessary 
formulas for doing this are given in Sec. 119. 

Fishbone Antenna .—The fishbone antenna is illustrated in Fig. 227 
and is a special form of end-fire array in which the necessary phase rela¬ 
tions are maintained by a non-resonant line. The outstanding character¬ 
istic of the fishbone antenna is the ability to perforrii satisfactorily over 
a considerable band of frequencies without any readjustments whatso¬ 
ever. This type of antenna is widely used in the reception of short-wave 
signals. 

The fishbone antenna consists of a series of collectors arranged in 
colinear pairs and loosely coupled to the transmission line by small 
capacitances (usually the insulator capacitance) as indicated in Fig. 227. 
The collectors are usually but not necessarily horizontal. The phasing 
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is obtained by taking advantage of the fact that, when a transmission 
line is terminated in its characteristic impedance, there is a uniform phase 
shift along the line of 360° per wave length, which automatically phases 
the collector antennas properly with respect to each other. 

In the usual design the collectors are each about 0.3 wave length long 
at the optimum frequency, and are spaced a distance not to exceed X/12 at 
this frequency. The length of the array is commonly three to five wave 
lengths and is limited by the reactive loading that the coupled antennas 
place upon the transmission line. With these proportions the antenna is 
effective for frequencies ranging from about 1.2 to 0.5 of the optimum 
frequency, or over a frequency range exceeding 2:1.^ 


Single Short-wave Fish Bone Antenna (b> Broadside Array of Short-wave 

r. - Lf->_I j 



Fio. 227.—Plan view of single fishbone antenna and of an array consisting of two such 

antennas in broadside. 


When the directivity desired in a horizontal plane is greater than 
that given by a single fishbone, two such arrays can be placed broadside 
as illustrated in Fig. 2276, thus giving a two-element broadside array, 
each component of which is a fishbone antenna. 

Array of Arrays .—The antenna arrays used in practice are nearly 
always combinations that can be considered as an array, each element 
of which is itself an antenna array. A typical example of an array of 
arrays is illustrated in Fig. 228a, which shows two broadside arrays 
spaced an odd number of quarter wave lengths apart and excited 90° out 
of phase with each other. Such an arrangement gives a unidirectional 
pattern as shown in Fig. 228c, instead of the bidirectional pattern of 
Fig. 2286 that is obtained with a single array. 

^ The frequency range is limited at low frequencies by the fact that very little 
energy is transferred between collector antennas and the line, because the collectors 
are so far out of resonance, and at high frequencies because, when the collectors 
approach ro^sonance, the resulting reactive loading on the line alters the phase shift 
per unit distance along the transmission line and hence makes it impossible to maintain 
the proper phasing. 
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Many short-wave antenna arrays consist of several arrays such as 
shown in Fig. 228a stacked one above the other to give directivity in both 
vertical and horizontal planes. Such an antenna is illustrated in Fig. 
229. Here the broadside arrangement in the horizontal direction gives 


(oi) Brooicisiote Array Wi+h Peflec+ing Cur+oins 
(Curtains One Fourth Cycle Out of Phase) 
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(b) Directional Characteristic 
of Single-cur tain Broad¬ 
side Array 



(c) Directional 
Characteristic 
of Two-curtain 
Broadside 
Array 
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Fio. 228. - Direction.al charaotoristic of single- and doiihlo-furtain broad.side array. 
The spacing of the two curtains can if desired be any odd multiple of a fpiarter wave 
length. 


horizontal directivity, and the broadvsido arrangement in the vertical 
plane (i.e., the stacking), gives directivity in a vertical plane, and the 
use of two curtains spaced an odd number of quarter wave lengths apart 


Plan View 



o «» 
^ o o 


Side View 


End View 



Fig. 229.—Typical antenna array consisting of a star'kod broadside array having two 
curtains to give a unidirectional beam. The spacing between the curtains may be any odd 
multiple of a quarter wave length. 


and with a phase difference of 90° gives a unidirectional characteristic. 
The result is a very intense beam of radiation confined to a small cone 
directed along the horizontal and aimed broadside to the •antenna array. 



Fio. 23d. —Directional characteristic in three-dimensional space of field radiated from a 
two-curtain broadside array. {From Southworth.) 

The directional characteristic of such an array in three-dimensional space 
is illustrated in Fig. 230. 

The V {or Folded-wire) Antenna .—This type of antenna is illustrated 
in Fig. 231. It consists of two long resonant wires arranged to form a V 
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and excited so as to carry equal currents that are in phase opposition. 
The radiation from the individual wires of the V antenna has the char¬ 
acter illustrated in Fig. 218, so that by making the apex angle twice the 
angle that the first lobe makes with the wire (see Fig. 218) there is a 
concentration of radiation in the direction of the bisector of the apex 
angle. The resulting directional pattern is as illustrated in Fig. 231 and 



Direct iona I Chorocteristics of Rodioflon From 
tndiviciuai L«<j8 
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Fig. 231.—Resonant V antenna, showing how the radiation from the two legs combines to 

give a well-defined beam. 


possesses very marked directivity in the plane of the V, particularly when 
the legs are long. Some directivity is also obtained in the vertical plane 
although this is less pronounced. 

Increased directivity can be obtained by means of an array, each 
element of which is a V antenna. Thus the backward radiation can be 
eliminated by the use of two V^s spaced an odd number of quarter wave 
lengths apart and excited 90° out of phase to give an end-fire action 


(a) Commercial Design 
of V An+enna 


X 
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QsShownaf%)^hcedl Schematic Design of Feeder System 

Broadside to Give Increased 
Horizontal Directivity 


From fransmifter 
(non-resorHxnf) 

Uon-resonanf ' ' 1 
tine for phasing i 

antenna and • , \ T • 

reflector Movable short-circuits 

for tuning 

Fig. 232.—Commercial designs of resonant V antenna array together with feeder circuits. 

(Fig. 232). The directivity in a vertical plane can be improved by 
stacking two or more V^s above each other as illustrated in Fig. 232a. 
The vertical directivity is also determined to a considerable extent by 
the height above earth, since the radiation from a horizontal V is hori¬ 
zontally polarized. Greater directivity in a horizontal plane can likewise 
be realized by arranging Vs in broadside as illustrated in Fig. 2326. 
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The gain of an array such as illustrated in Fig. 232a located at an 
average height of one wave length is approximately 39 times as compared 
with a half-wave antenna. 

(a) Non-resonant V 



Direct/onof/ char- 
otefer!sties of ind/ 
vidua! wires 


Terminating resistance 
egualto ct/aractenstic 
impedance 

I 



(b) Rhombic Antenna 



Fig. 233.—Various forms of non-resonant antenna systems. 

Rhombic and V Antennas Employing Non-resonant Wires. —Direc¬ 
tional antenna systems can al.so bo formed by combining non-resonant 
wires to form an array. Thus the V antenna of Fig. 231 can be con¬ 
verted into a non-resonant antenna 
array by terminating the open ends 
of the V with resistances to ground 
equal to the characteristic imped¬ 
ance, as shown in Fig. 233a. This 
causes the current distribution in the 
v/ires to vary exponentially with 
distance as shown in Fig. 222a. The 
optimum apex angle for such a 
non-rcsonant V antenna should be 
such that the tilt angle $ has the 
value given by the solid line in Fig. 
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, Fig. 234.—Optimum tilt angle for non- 
resonant antennas in space (assuming zero 
attenuation). 


234. When the length of the legs exceeds about two wave lengths, the 
apex angle is seen to vary only very slowly with the length measured in 
wave lengths. As a result, a non-resonant V with long legs will maintain 
its directive pattern reasonably well over a considerable frequency range. 
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Compared with the corresponding resonant V antenna, the non¬ 
resonant arrangement has the advantage of being unidirectional and of 
operating over a range of frequencies without any change in adjustment. 
The disadvantage of the non-resonant arrangement is that considerable 
power is lost in the terminating resistance, and that practical diflSculty 
is met in obtaining a ground resistance that will stay constant with vary¬ 
ing weather conditions. 

A more satisfactory form of non-resonant array is obtained by arrang¬ 
ing four wires in the form of a diamond, or rhombus, as shown in Fig. 
2336. By making the tilt angle ^ lie in the range between the dotted and 
solid lines of Fig. 234, the main lobes of radiation from each leg of the 
diamond are aimed in substantially the same direction and add in phase 


Horizontal Directivity (Neglecting Ground 

Reflections) of Horizontal Rhombic Vertical Directivity of Horizontal Rhombic 

Antenna with Tilt Angle of 65® Antenna with Tilt Angle of 65® 
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Fiq. 235.—Polar diagrams showing directional characteristics of the same horizontal 
non-resonant rhombic antenna for three different frequencies. 


in this direction. As a consequence the radiation from all legs adds in the 
desired direction, while tending to cancel in other directions. 

The rhombic antenna is superior to the non-resonant V in that it not 
only has greater directivity, but also maintains this directivity better 
w^ith changes in frequency. Furthermore, the terminating resistance of 
the rhombic antenna does not involve the earth, and therefore is not 
troubled with variation of ground resistance. 

Ty]:)ical directional characteristics obtained with the same rhombic 
antenna operated at different frequencies are shown in Fig. 235. The 
greatest directivity is obtained at the highest frequency, where the length 
of the legs measured in wave lengths is greatest, but the general character 
of the directional pattern is maintained without change over the 2:1 
variation in frequency. 

In the usual case where the plane of the rhombic antenna is parallel to 
the earth, the radiation is horizontally polarized, and the most important 
factor controlling the directivity in a vertical plane is the height above 
ground. The tilt angle and the length of the legs also influence the 
vertical directivity, however, and can be so chosen as to compensate to a 
considerable extent for lack of proper height. 

119. Methods and Formulas for Calculating the Directional Charac¬ 
teristics of Antenna Systems. —The general method of calculating the 
directional characteristics of antenna systems has already been outlined 
in Sec. 114. Briefly it consists in determining the magnitude and phase 
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of the field produced at a distant point by each elementary length of the 
antenna, and then adding the resulting fields vectorially for all the ele¬ 
mentary lengths of the entire antenna system. This method can be 
applied irrespective of the geometry involved, the number of antennas, 
the t 3 rpe of antennas, the current distribution, etc. 

Formulas for calculating the radiated field and directional charac¬ 
teristics of common antenna systems are given below. 

1. Radiation from an elementary length of wire in the absence of 
ground [from Eq. (120)]: 

8 = -^/(50 cos e (126) 


where 

8 = field strength in volts per meter 
d = distance to antenna in meters 

0 = angle of elevation with respect to plane perpendicular to antenna 
wire 

X = wave length of radiated wave in meters 
il = length of elementary antenna in meters 
/ = current in antenna. 

2. Radiation from a resonant wire remote from ground: 

a. When the wire is an odd number of half wave lengths long, 



(127a) 


6. When the wire is an even number of half wave lengths long, 



(1276) 


where 

8 = field strength in volts per meter 
d = distance to antenna in meters 
/ = current in amperes at a current loop 
L = length of antenna in meters 
X wave length in meters 
6 = angle measured with respect to wire axis. 

3. Radiation from vertical grounded wire, assuming a perfect earth: 
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where 6 is the angle of elevation with respect to ground, and the remainder 
of the notation is as in Eq. (127). 

4. Radiation from a non-resonant wire remote from ground: 


(r?cos cos vL)^ (129a) 


where 

8 = field strength in volts per meter 
lo = current entering the line 
d = distance to antenna in meters 
a = attenuation constant of line 
p = (27r/X)(l — cos 6) 

6 = angle with respect to wire axis 
L = length of wire in meters 

X = wave length in meters (assumed same on wire as in space). 

In the special case where the attenuation a can be assumed zero (i.e., 
when the wires are so short that the current can be considered to be 
constant), 


60/o sm 6 . L.. .v 

_ - gin 7r-(l — cos 6) 

a 1 — cos $ X 


(1296) 


5. Radiation from a rhombic (diamond) antenna with characteristic 
impedance termination, neglecting the attenuation along the wires, and 
with antenna remote from ground: 


Relative field 
strength 

.. . u. 


} = (r 


COS (^ — fi) 


cos (^ + /3) 


\1 — cos 6 sin (<^ — |3) 1 — cos $ sin (<^ + fi) 

cos $ sin (<I> + 0)^ sin ~ cos d sin (<^ — 




where 

= tilt angle of antenna (see Fig. 233) 

= bearing angle with respect to line passing through the apex having 
the terminating resistance, and the diagonally opposite apex 
6 = angle of elevation with respect to the plane of the antenna 
I = length of each side of the rhombus 
X = wave length. 

6. Radiation from a resonant V antenna (see Fig. 231) when the length 
of each leg is an even multiple of a half wave length and the antenna is 
remote from ground: 


Field strength 
in plane of V 




^ 4” fid* — 28ofi6 cos 




sin a sin ) (131a) 
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where 

8rt and Lb 

I 

X 

a 


radiation in desired direction from individual legs of 
antenna as given by Eq. (127) 
length of leg 

length corresponding to one wave length 
half of angle at apex 

bearing angle with respect to bisector of apex. 


Radiation in vertical plane passing) 
through bisector of apex angle / 


1207 

■ d 



cos a cos 




sin a 


1 — cos^ d cos- a 


(1316) 


where 

n = number of half wave lengths in each leg of antenna 
a = half of angle of apex 

6 = angle of elevation with respect to plane of antenna 
I = current at current loop 
d = distance to antenna in meters. 

7. Radiation from an antenna array remote from ground and con¬ 
sisting of parallel planes each made up of N parallel columns where 
each column is made up of n individual radiating elements carrying equal 
currents and radiating uniformly in all directions: 


Relative field strength = 


sin mr{a cos ^ cos ^ + 6) 


n sin Tr{a cos cos ^ + 6) 
sin .sin 4> cos d + B) sin 9?7r(?l sin ®) 

N sin w(A sin <I> cos S + ^ sin 7r(2l sin ^ + S) 


(132) 


where 

n, N, and 91 = number of radiators along x-, 2/-> and 2-axes, respec¬ 
tively 

а, Af and St = spacing of adjacent radiators along x-, y-, and z-axes, 

respectively, measured in fractions of a wave length 

б, Bf and 35 = phase displacement between adjacent radiators along 

x-f y-, and 2 -axes, respectively, measured in fractions 
of a cycle 

0 = angle with respect to xy-plane (angle of elevation) 
= angle with respect to xz-plane (bearing angle). 

8. Radiation from an antenna array in which the individual antennas 
do not radiate uniformly in all directions is obtained by calculating the 
directional characteristic using Eq. (132) and then multiplying the result 
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by the actual directional characteristic of the individual antenna 
involved. ^ 

9. Radiation from an array of arrays is determined by first calculating 
the individual directional characteristic of the elementary array. This is 
then multiplied by the directional characteristic of the array consisting of 
non-directional radiators located at the centers of the individual arrays, 
using Eq. (132). 

10. Loop antennas are considered in Sec. 124. 

11. The effect of the ground in the case of ungrounded antennas can 
be taken into account by the methods discussed above in connection with 
fiqs. (125a) and (125b). The ground effect is already included in Eq. 
(128) for the grounded antenna. 

Agreement between Calculated and 
Observed Antenna Characteristics ,— 

Experience has shown that the gain 
and the directional characteristics of 
antenna arrays calculated on the 
basis of a perfectly conducting earth 
agree satisfactorily with observed 
results under nearly all conditions. 

A comparison of theoretical and 
observed directional characteristics 
for a typical horizontally polarized 
antenna array is given in Fig. 236 
and shows excellent agreimient. 

120. M iscellaneous. Energy 
Relations in Transmitting Antennas, 

The total amount of energy radiated 
from a transmitting system can be 
conveniently measured in terms of 
a radiation” resistance. This is 
the resistance that, when inserted in 
series with the antenna, will consume 
the same amount of power as is actually radiated. The magnitude of the 
radiation resistance depends upon the antenna configuration and upon 
the point in the antenna system at which the resistance is considered as 
being inserted. Unless specifically stated to the contrary, it is customary 
to refer the radiation resistance to a current maximum. 

The radiation resistance can be determined by assuming the antenna 
to be at the center of a large sphere, and calculating the field produced 
at the spherical surface by any convenient antenna current. The energy 
passing through each square centimeter of the surface is 0.002656* watts, 
where 6 is the field strength in r.m.s. volts per centimeter. The total 
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Fig. 236. —Comparison of measured and 
calculated distribution of radiated field 
about array composed of horizontal ele¬ 
ments. The calculated results assume a 
perfect earth. 
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enerj;y radiated through the entire spherical surface is then found by 
mathematical or graphical integration.^ 

The effect of the ground upon the fields is taken into account by assum¬ 
ing an image antenna. The integration to obtain the total radiated 
energy is then carried out only over the hemisphere above the earth’s 
surface, instead of over the complete spherical surface as would be the 
case with an isolated antenna. 

Energy Relations in Receiving Antennas .—The resistance component 
of the antenna impedance in the equivalent circuit of Fig. 213 is Rr + 22|, 
where Rr is the radiation resistance, and Ri takes into account the losses 
in conductors and dielectrics. The energy delivered to the load imped¬ 
ance connected in series with the antenna is maximum when the reactance 
of this load is equal in magnitude and opposite in sign to the reactance of 
the antenna impedance, and when the resistance component Rl o{ the 
load equals the total antenna resistance Rr Ri. Under these condi¬ 
tions the f|action Rl/{Rl + /?r + Ri) of the energy abstracted from the 
wave is delivered to the load to be usefully employed. At the same time 
the fraction Ri/(Rl + Rr + Rt) is wasted in wire, ground, and other loss 
resistances, while the fraction Rr/iRi. + Rr + Ri) is reradiated. This 
reradiation of energy results from the fact that when current flows in an 
antenna, radiation takes place irrespective of the source of voltage produc¬ 
ing the current. 

The maximum energy that an antenna can possibly abstract from a 
passing wave is fixed by the fact that the antenna resistance can never 
be less than the radiation resistance. Calculations indicate that a section 
of the wave front approximately a quarter of a wave length square is 
capable of supplying all the energy that can be abstracted by a small 
antenna. 

Induction Fields .—An antenna carrying radio-frequency currents is 
surrounded by electrostatic and magnetic fields that give rise to the 
inductance and capacitance of the antenna wire. These fields are termed 
induction fields and are present in addition to the radiated fields given by 
Eqs. (120) and (121). The strength of the induction field is inversely 
proportional to the square of the distance, whereas the strength of the 
radiation field is inversely proportional to the distance. As a result, the 
induction fields are negligible at considerable distances from the antenna, 
although they are normally much stronger than the radiated fields in the 
immediate vicinity of the radiator.* Because of this situation, measure¬ 
ments of radiated field must be made at distances at least 3 to 6 wave 
lengths away from the antenna in order to avoid errors from induction 
fields. 

^ A more detailed disouesion of radiation resistance calculations by this as well as 
other methods, together with references to the literature on the subject, is given in 
See. 134 of **Iladio Engineering,” 2d ed. 
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Parasitic Antennas .—Directivity is sometimes obtained by the use of 
auxiliary antennas placed in the vicinity of the main antenna but not 
actually connected with it. When the main antenna radiates energy, 
voltages are induced in these parasitic antennas that cause currents to 
flow in them. This induced current then produces radiated fields that 
combine with the radiation from the main antenna. The directional 
characteristic of the resulting combination depends upon the tuning of 
the parasitic antennas and upon their spacing with respect to the radiat¬ 
ing antenna. 
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(ai focus) 



rHortzonfat 
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Fig. 237.—Examples of conducting re¬ 
flectors for producing directional effects. 


Ill the case of reception, the parasitic antennas abstract energy from 
the passing wave. This energy is then reradiated to the main receiving 
antenna and modifies the direction characteristics. 

The most common use of parasitic antennas is to produce a unidirec¬ 
tional effect in antenna arrays. Thus 
in arrays such as illustrated in Figs. 

228 and 229 the rear curtain is com¬ 
monly excited parasitically. The op¬ 
timum spacing for unidirectional 
action under these circumstances is 
very lU'arly a quarter wave length, 
and the parasitic antenna must be 
tuned so that its radiation is in the 
proper phase* to produce a substan¬ 
tially unidirectional characteristic. 

Directivity by the Use of Reflec¬ 
tors .—Another method of obtaining 
directivity is by the use of reflectors. Copper acts as a practically 
perfect refl(*ctor of radio waves‘because of its high conductivity, and so 
can be us(*d as the liy.sis of reflectors that will concentrate radiation in 
much the* same way that reflecting surfaces are used to concentrate light 
radiation. Thus a parabolic reflector formed of copper, with the antenna 
at the focus as shown in Fig. 237, will concentrate the radiated energy in 
a beam in exactly the same way that a searchlight produces a beam of 
light. Similarly, in the case of reception, such a reflector gathers in 
energy arriving from the desired direction and concentrates it upon the 
antenna. 

The usefulness of reflectors in concentrating radiation is limited by 
the fact that the dimensions of the reflector must be proportional to 
the wave length in order to form a sharp beam. The method is con¬ 
sequently practicable only at ultra-high frequencies. 

121. Radio-frequency Transmission Lines and Impedance-matching 
Systems. —The output of a radio transmitter is often delivered to the 
antenna by means of a transmission line. Transmission lines are also 
used to connect receivers to receiving antennas, particularly directional 
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antennas, special all-wave antennas, and apartment-house antenna 
systems. By proper design the energy can be transmitted to distances of 
the order to 1 mile with only moderate loss. 

In transmission lines used with transmitting antennas, the principal 
considerations are the energy lost, the cost, and the reliability. Open 
wire lines, similar to telephone lines except for more adequate insulation, 
are generally employed because of their low cost. Concentric conductor 
lines consisting of a central conductor surrounded by a copper tube are 
more expensive but can be made less subject to weather conditions and 
so are used to a limited extent. 

The principal requirement for a transmission line used with a direc¬ 
tional receiving antenna is that negligible energy shall be abstracted from 
passing radio waves. Otherwise the line will pick up energy from signals 
and noise that produce no effect upon the highly directional antenna, and 
the benefits of the directional antenna system will then be largely lost. 
The transmission-line arrangements usually employed for receiving 
antennas are the balanced four-wire transmission line, the concentric 
conductor line, and the twisted pair. The four-wire balanced line con¬ 
sists of four lines arranged at the corners of a 1- to 2-in. square, with the 
diagonally opposite wires connected in parallel. The wires are held in 
position by insulator blocks spaced 6 to 15 ft., and arranged so that each 
block introduces a transposition. This arrangement is nearly as good as 
a concentric conductor line and is much less expensive. The twisted-pair 
transmission line has rather high losses and so is satisfactory only when 
the transmission distances do not exceed a few hundred feet. 

Resonant and Non-resonant Lines ,—Transmission lines may be 
opKjrated in such a planner as to be resonant or non-resonant, according 
to the load impedartce at the receiving end of the line. If the receiving- 
end load is a resistance equal to the characteristic impedance (z.c., a 
resistance equal to \/L/C, where L and C are the inductance and capaci¬ 
tance of the line per unit length), then voltage and current die away 
uniformly as one recedes from the sending end of the line, and have a 
distribution that follows an exponential law as shown at Fig. 28c. The 
voltage and current at every point along the line are then in phase with 
each other, the ratio of voltage to current at any point is the 
characteristic impedance Zo = \/L/C'> the phase drops back 

uniformly at a rate of 360® per wave length as the receiving end is 
approached.^ 

^ In the case of lines with air insulation, the distance corresponding to a wave 
length on the line is almost exactly equal to the wave length of the corresponding radio 
wave. However, in the case of lines having appreciable dielectric insulation, as, for 
example, a twisted pair, the distance representing a wave length on the line is corre¬ 
spondingly less. 
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When the load impedance does not equal the characteristic impedance 
of the transmission line, resonance effects are produced, as illustrated in 
Fig. 28. With resonant lines the voltage and current follow periodic 
variations that repeat every half wave length, and there is a large phase 
difference between voltage and current except near points where the 
voltage or current passes through a minimum. In traveling from 
generator toward load there is a progressive phase lag of 180° per half 
wave length, but, instead of taking place at a uniform rate, as in the case 
of non-rcsonant lines, most of the shift takes place in the vicinity of the 
voltage and current minima. 

Non-resonant lines transmit energy at unity power factor and so are 
more efficient and radiate less than resonant lines, and also subject the 
line insulation to less voltage in proportion to power transmitted. Hence 
non-resonant lines arc always used in association with high-power trans¬ 
mitters and in all eases where the transmission distance is appreciable. 
Non-resonant lines are suitable with low-power transmitters only where 
the transmission distance is quite short. 

Characteristic Impedance of Transmission Lines .—The characteristic 
impedance Zo of a transmission line is determined by the line construction, 
and at radio frequencies can for all practical purposes be considered to be a 
resistance defined by the equation^ 

Zo = ohms (133a) 


where L and C are the inductance and capacitance, respectively, per unit 
length of line. For the two-wire and concentric-conductor transmission 
lines, substitution of the usual formulas for inductance and capacitance 
gives 


Characteristic imped-) 
ance of two-wire line j 
Characteristic imped- \ 
ance of concentric cable) 


276 logic ^ ohms 

= 138 logic - ohms 
a 


(134a) 

(1346) 


In those equations 6 is the spacing between conductor centers of the 
two-wire line, and the inner radius of the outer conductor of the concentric 
cable. Similarly a represents the radius of the conductor in the two-wire 


^ The exact formula for the characteristic impedance is 


Zo = 



(1336) 


where R and G are the resistance and conductance per unit length of line. At high 
frequencies w is so large that R and G can be neglected^ thereby resulting in Eq. (133a). 
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line, and the outer radius of the inner conductor in the case of the con 
centric line. With typical construction, the characteristic impedance 
is usually about 600 ohms with a two-conductor open-air line, and in the 
neighborhood of 75 ohms for the usual concentric conductor with air 
dielectric. With a twisted-pair transmission line the characteristic 
impedance is commonly of the order of 125 ohms, but will depend 
greatly upon the construction. 

Impedance-matching Systems for Non-resonant Lines .—When reso¬ 
nances are to be avoided in transmission lines associated with a trans- 
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Pro. 238.—Commonly used impedance-matching systems. 


mitter, it is necessary that the antenna be coupled to the line in such a 
way that the effective load impedance that is offered to the line is a 
resistance equal to the characteristic impedance of the line. Typical 
methods for doing this are illustrated in Fig. 238. At Fig. 238a a tuned 
circuit is used to provide the impedance matching. A resistance 
load is obtained by proper tuning, and the magnitude of the load can be 
adjusted to the correct value either by varying the mutual inductance or 
by varying the fraction of the coil across which the line is connected. 

In the resonant coupling line at Fig. 2376, a resistance impedance is 
obtained by adjusting the short circuit on the coupling line to give 
resonance in conjunction with the antenna. The resulting load offered 
the non-resonant line is then resistive and has a magnitude determined 
by the point of connection. The length of resonant line should be 
approximately a quarter wave length when the antenna resistance is 
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higher than the characteristic impedance of the non-resonant line, and a 
half wave length when the antenna resistance is lower. Arrangements 
employing resonant coupling lines are shown in Fig. 232. 

The arrangement of Fig. 238c makes use of the fact that in a quarter- 
wave-length line Za = Zo^fZay where Zg is the impedance that the 
non-resonant transmission line sees when looking toward the matching 
line, Zo is the characteristic impedance of the matching line (a resistance), 
and Za is the antenna impedance. By adjusting the antenna so that it 
is in resonance, Za becomes a resistance. The impedance which serves 
as the load for the non-resonant line, is then likewise a resistance that 
can be made the desired value by varying the spacing between wires 
of the matching line to vary Zo. At low frequencies, where a quarter 
wave length is inconveniently long, artificial lines can be employed. 

In Fig. 238d the transmi.ssion line is directly coupled to the antenna. 
The matching is then obtained by making the antenna length the exact 
value required for resonance and connecting the two wires of the line 
symmetrically with a spacing m such as to give the required impedance 
match. The single-wire transmission line shown at c is a modification 
of Fig. 238r/ in which the ground supplies a return circuit that is completed 
through the capacitanc(‘ of the antenna to ground. The proper adjust¬ 
ment of a single-wire transmission line can be determined by observing 
the relative current distribution in the line and antenna as indicated in 
the figure. 

When it is desired to avoid resonances in a transmission line associated 
with a receiving antenna, it is neccvssary that the input impedance of the 
receiver be a resistance equal to the characteristic impedance of the line, 
since in this case the antenna is the source of energy and the receiver acts 
as the load. Failure to match the antenna to the transmission line 
prevents the receiving antenna from delivering the maximum possible 
amount of energy to the transmi.ssion line, but does not cause resonances. 

Phasing Systems .—In antenna arrays it is necessary to adjust carefully 
the relative phases of the various antennas. There are two basic methods 
of accomplishing this. The first makes use of the fact that a non- 
resonant transmission line in open air has a uniform phase shift of 
360° per wave length. Hence any desired phase difference can be 
obtained by the use of a non-resonant transmission line of suitable 
length. Thus in the antenna system of Fig. 232 the 214 wave-length 
non-resonant line connecting antenna and reflector makes the relative 
phase difference 2}i cycles, i.e., 90°. Phasing of end-fire antenna arrays 
is always accomplished by the aid of a non-resonant line. 

The second method of phasing makes use of the fact that in a resonant 
line the phase shifts 180° every half wave length (even though the shift 
does not take place uniformly). This method is commonly used in 
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phasing broadside antenna arrays, and is illustrated in Fig. 239. Here 
the radiators are connected to a resonant line at voltage maxima and are 
spaced a half wave length apart. By connecting successive radiators to 
alternate sides of the line all the radiators are then excited in the same 
phase. 

Experimental Determination of Current Distribution along TransmiS’- 
sion Lfines and Antennas, —The way in which a transmission line or 

antenna is operating can ordinarily be 
deduced by observing the current distribu¬ 
tion. In the case of transmitters the cur¬ 
rent distribution can be measured by 
coupling a sensitive thermocouple instrument 
to the line, using one of the arrangements 
in Fig. 240. In the case of receiving 
antennas the thermocouple can be replaced by a portable receiver, and 
the antenna excited by means of a portable oscillator adjusted to produce 
radio waves of the appropriate frequency. 

122. Practical Transmitting Antennas.—The principal considerations 
involved in the design of transmitting antennas are the directivity, 
efficiency, and cost. These matters become of increasing importance 
as the power of the transmitter is increased, since expenditures for 
improving the antenna system are then easier to justify. 
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Fiq. 239.—Phasing of broadside 
array by resonant line. 
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Fio. 240.—Devices for measuring the relative current distribution along a transmission line 

or antenna. 


Short-wave Antennas. —Short-wave directive antennas find their 
chief use in long-distance high-power point-to-point communication. 
For this purpose it is desirable to concentrate the energy in a well- 
defined beam that is directed toward the receiving point at a vertical 
angle that is of the order of 10 to 25 deg. above the horizontal. The 
rhombic and resonant V antennas are usually preferred because they give 
good directivity, are easily adjusted, and can be supported upon inex- 



Sec. 122] 


ANTENNAS 


397 


pensive wooden poles. The rhombic antenna has the additional advan¬ 
tage that it will operate satisfactorily over a frequency range 
approximately 2J^:1 with no readjustment, and so can be used for both 
the day and night frequencies. Before the resonant V and rhombic 
antennas were developed, broadside arrays such as illustrated in Fig. 
229 were generally employed, but these have lost favor because they are 
difficult to tune, require expensive supporting structures, and give no 
better directivity. 

Non-directional radiators consisting of a vertical or horizontal 
half-wave antenna are commonly used for amateur, marine, and short¬ 
wave broadcast work, where it is desired to transmit signals in all direc¬ 
tions. Typical examples of such antenna systems together with typical 
transmission-line arrangements^are shown in Fig. 241. 
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Tho polarization of short-wave transmitting antennas is not important 
since the ionosphere causes the received wave to contain both vertical 
and horizontal components, irrespective of the polarization at the 
transmitter. Horizontal polarization is usually preferred, however, 
because the supporting structures required arc generally not so high 
as for vertical radiators with the same vertical directivity. 

The proper procedure for tuning an antenna depends upon the 
arrangement. In the case of arrays involving many radiators, such as 
illustrated in Fig. 229, the length of the individual parts are adjusted 
until the curr<‘nt distribution as experimentally observed has the desired 
character. In other cases where the antenna is associated with a resonant 
line such as in Hgs. 232 and 241, it is possible to tune the antenna and 
the rc.sonant line as a unit. At Fig. 232 this is done by adjusting the posi¬ 
tion of the short-circuiting bar, whereas in arrangements of the type 
shown in Fig. 241 the tuning can be accomplished by means of the 
variable condensers in series with the line, provided the antenna and 
transmission-line lengths are approximately correct to begin with. In 
cases such as Figs. 238d and 238e, where the antenna must offer a resist¬ 
ance impedance, it is necessary to adjust the antenna length very accu¬ 
rately to the proper value. 
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In general it will be found that the antenna length required for 
resonance is usually less than the corresponding length in wave lengths 
measured in free space. This is because of end effects and mutual 
coupling in antenna elements. Thus in the case of a half-wave antenna 
it is necessary to make the wire about 5 per cent shorter than a true half 
wave length. 

The efficiency of short-wave antennas is very high because of the high 
radiation resistance of the antenna in proportion to size, and because the 
antenna is ungrounded. Even including the effect of ground losses, 
the over-all efficiency is commonly well in excess of 80 per cent, and most 
of the losses that do occur are the result of ground imperfections. 
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Fig. 242.—Different types of vertical radiators, with current distributifin for each. 


UUra-high-frequ^ncy Antennas. —Antennas for use with ultra-high- 
frequency transmitters arc of the same general character as those used 
at short waves. However, since the length corresponding to a wave 
length is less, it is possible to obtain greater directivity with antennas of 
reasonable proportions. 

Transmitting Antennas for Broadcast Frequencies. —Th(i preferred 
broadcast antenna consists of a structural steel tower that functions as a 
vertical radiator. This arrangement combines simplicity, low cost, and 
good electrical efficiency. Actual details of the tower antenna vary 
with the installation, with a number of typical arrangements shown in 
Fig. 242. 

Broadcast antennas can be conveniently divided into two types. 
First are those antennas which do not attempt to obtain directivity in a 
vertical plane. These employ a tower having a height of the order of 
3^ to wave length and give a radiated field that is almost exactly 
proportional to the cosine of the angle of elevation. The second class 
of antennas is designed to concentrate the radiation along the horizontal 
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and to radiate very little energy at high vertical angles. This result can 
be accomplished by employing a vertical tower radiator having a height 
between 0.5 and 0.625 wave length as in Fig. 220. 

The height of a vertical radiator giving the most favorable vertical 
directional characteristic for broadcast purposes depends somewhat upon 
the extent to which the tower is tapered. With a tower of uniform 
cross-sectional area, or with a vertical wire, the optimum height is 0.53 
wave length, which corresponds to minimum high angle radiation and 
good concentration of energy along the horizontal. With a tower 
wider at the base than at the top, the optimum height is slightly greater. 
This is because the taper causes the current distribution to depart from a 
sinusoidal law, as shown in Fig. 242. The result is less current in the top¬ 
most parts of the antenna, which makes these parts less effective. How¬ 
ever, if the effect of the taper is compensated for by a slight increase in 
height, the directional characteristics will then be the same as with a tower 
of uniform cross section. The optimum height depends upon the taper 
and is of the order of 0.56 to 0.62 wave length. 

A comparison of the relative merits of towers of tapered and of 
uniform cross section therefore shows that, contrary to a rather widely 
held belief, identical performances can be obtained in the two cases. The 
only difference is that with uniform-cross-section towers it is possible 
to calculate the optimum height exactly, whereas with tapered towers 
the best height cannot be predetermined with the same exactness. 

When building restrictions, nearby airports, or other considerations 
limit the height of a tower antenna to less than the optimum, it is possible 
to use some of the expedients illustrated in Fig. 242 to obtain a directional 
characteristic corresponding to a height greater than actually used. 
These expedients all operate to increase the current carried by the top 
part of the radiator, as indicated in the figure. In this way it is possible 
to obtain a vertical directivity corresponding to a simple vertical radiator 
as much as 50 per cent higher. These arrangements also have the advan¬ 
tage that by adjusting the series inductance, etc., it is possible to determine 
the exact optimum height experimentally with relatively little trouble. 
This makes it possible to take into account the effect of ground con¬ 
ductivity, and also eliminates the slight uncertainty as to optimum height 
always present with self-supporting tapered towers. 

Tower radiators are normally excited by insulating the tower from 
ground and applying the exciting voltage across this insulator. It is 
possible, however, to ground the tower and then use the arrangement in 
Fig. 242/. Here the coupling loop formed by the portion h of the tower, 
the ground, and the connecting wire containing the capacitance C is 
tuned to resonance with the transmitted frequency by adjusting the 
capacitance C. The voltage developed across the section h of the tower 
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is then applied to the upper portion of the tower, thereby exciting the 
antenna. 

The efficiency of a broadcast antenna depends largely upon the ground 
losses occasioned by currents flowing in the earth near the antenna. 
These losses can be made low by providing a ground system of buried 
wires as shown in Fig. 243, consisting of 90 to 120 radials having a length 
that is preferably about a half-wave length. These radials provide a 
low-resistance path for the currents that flow out through the ground to 
charge the capacitance between tower and ground. Ground losses in 
the immediate vicinity of the base of an ungrounded tower can be made 
negligible by placing the base insulators 4 to 10 ft. above earth, connecting 



Fio. 243.—Typical ground system for vertical radiator. 


the part of the legs below thcvse insulators to the buried ground system, 
and placing a copper screen on the surface of the ground under the tower 
and connecting this screen to the ground system. 

When the ground system is properly designed, the efficiency of a 
broadcast antenna is very high. Values in excess of 80 per cent are not 
unusual. 

Simple antenna arrays are used to some extent in broadcast work to 
give horizontal directivity. Thus it is sometimes desired to concentrate 
most of the radiated energy toward the regions of maximum population, 
or to »avoid interfering with another station. These objectives can 
ordinarily be achieved by means of a simple array consisting of two or 
three radiators properly phased. 

Transmitting Antennas for Long Waves ,—At frequencies below the 
broadcast band the distance corresponding to a wave length is so great 
that it is impracticable to obtain directivity with reasonable cost. The 
usual antenna system for the lower frequencies consists of a T or inverted 
L flat-top arrangement as illustrated in Figs. 21 le and 211/, supported 
by two towers. 
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The efficiency of low-frequency antennas tends to be very small 
because of the low radiation resistance obtained with practical heights, 
and because the power losses in the ground and in the antenna tuning 
coil tend to be large. 

Miscellaneous ,—Steel towers, guy wires, and other conductors in 
the vicinity of an antenna tend to alter the directional characteristics 
and so must be located with considerable care. Steel supporting towers 
should not have a length that makes them resonant at the frequency 
being transmitted, and they should be located where the coupling to 
the antenna system is a minimum. Guy wires should not be too numer¬ 
ous, and must be broken up into lengths that are a small fraction of a 
half wave length by means of insulators. 

Transmission lines used v ith transmitting antennas should approach 
the antenna at right angles so that there will be a minimum of coupling 
between the antenna and line. 

Antennas for use with airplane transmitters introduce special prob¬ 
lems. In some cases the antenna is strung from wing tip to tail, or from 
a short vertical pole to wing tip, etc., but such antennas have a low 
effective height and tend to be rather inefficient even with short waves. 
A more satisfactory arrangement from the point of view of efficiency is a 
trailing wire reeled out through a hole in the rear end of the fuselage. 

123. Practical Receiving Antennas. —The main considerations 
involved in receiving antennas are the amount of energy that the antenna 
can deliver to the receiver, the directivity, the cost, and the freedom from 
extraneous disturbances. 

A receiving antenna should abstract sufficient energy from passing 
waves so that even the energy abstracted from the weak radio waves 
representing static and other noises will under normal conditions be at 
least comparable with the thermal-agitation energy existing in the input 
of the receiver. The signal-to-noise ratio cannot then be improved 
by further increase in received energy, and no further improvement is 
powssible in the antenna system as far as energy pick-up is concerned. 

The amount of energy that can be abstracted by an antenna depends 
ui>on its physical size, the frequency, and the loss resistance. The 
abstracted energy tends to decrease with increased frequency, particu¬ 
larly when the antenna dimensions do not exceed a quarter of a wave 
length. As a result, the problem of obtaining adequate energy pick-up 
is most important at high and ultra-high frequencies. 

When it is desired to avoid marked directional effects at broadcast 
and lower frequencies, it is customary to employ a single wire ninning 
to a height of 15 to 50 feet. With such an antenna the horizontal 
portions are relatively unimportant because waves of broadcast and lower 
frequencies are vertically polarized when near the earth. 
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The usual non-directional antenna for the reception of short-wave 
signals is a single wire perhaps 25 to 60 ft. long. This may be used as a 
vertically or horizontally polarized antenna, since short-wave signals 
ordinarily contain both components. However, most man-made dis- 
turbances»are vertically polarized near the earth, and so can be minimized 
by a horizontal antenna. 
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Fio. 244.—All-wave antenna system and equivalent circuits at high and low frequencies. 


All’-wave Antenna Systems for Broadcast Receivers .—The introduction 
of the all-wave receiver has led to the development of special antenna 
systems that give adequate energy pick-up over the entire frequency range 
with a minimum of directivity, and that tend to be insensitive to electrical 
disturbances produced by man. An arrangement of this sort is shown 
in Fig. 244. This consists of a horizontal antenna coupled to a transmis¬ 
sion line by a complex network. ' This antenna-coupling network is so 
designed that at high frequencies the condenser C 2 is effectively a short 
circuit, causing the network to take the form shown in Fig. 2445. The 
antenna then consists of a horizontal doublet, and so tends to avoid man¬ 
made disturbances, which normally produce vertically polarized waves. 
At lower frequencies the coupling inductances Li and L 2 become so 
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inefficient that the antenna system takes the form shown at Fig. 244c, 
which is a vertical antenna with a flat top. This transition between 
horizontally and vertically polarized action takes place at about 5 me. 
By arranging the antenna system to change its mode of action in this way, 
it is possible to take advantage of the lower noise level obtained with 
horizontally polarized antennas at high frequencies, while retaining the 
vertically polarized antenna necessary at the lower frequencies where 
the waves are vertically polarized near the earth. 

Directional Receiving Antennas .—In point-to-point radio communica¬ 
tion it is of considerable advantage to employ directional receiving 
antennas, since in this way interference from static and radio signals 
coming from other than the desired direction can be reduced, with 
consequent improvement in xhe signal-to-noise ratio. 

The most satisfactory directional antenna systems for short-wave 
work are the fishbone antenna of Fig. 227 and the rhombic antenna of 
Fig. 2336. Both of these are non-resonant, and so can operate over a 
range of frequencies without readjustment. The fishbone antenna is 
more comnlicated than the rhombic antenna, but has the advantage of a 
directional pattern that is substantially free of minor lobes. Other 
types of antennas, such as the resonant V, the broadside array, etc., 
have been used to some extent in reception, but are generally less 
desirable. 

The maximum directivity usable in a receiving antenna is set by the 
angular deviations that can be expected from time to time in the received 
wave. There is also a limit to the permissible physical size of a short¬ 
wave directional antenna, since signals received at points separated 
by distances of the order of 10 wave lengths ordinarily have more or less 
random phase difference and so will not add up properly in the antenna. 
This causes a loss in directional characteristics, since the maintenance 
of the pattern requires proper phase relations for the different parts of 
the antenna. It is hence undesirable for the receiving antenna to be more 
than six to eight wave lengths in size. 

In the construction of directional short-wave receiving antennas it is 
necessary to take special precautions to prevent the directional charac¬ 
teristics from being partially destroyed by the action of near-by con¬ 
ductors, such as towers, guy wires, and power lines. Such objects will 
abstract appreciable energy from waves that arrive in unwanted direc¬ 
tions and will reradiate this energy to the receiving antenna, thereby 
largely neutralizing the advantages of the directional antenna. Hence 
it is customary to locate short-wave directional receiving antennas in 
spaces that are clear of trees, houses, power and telephone wires, etc., 
and considerable attention is also paid to minimizing the effect of towers 
and other metal structures that must necessarily be near the antenna. 
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Wooden telephone poles are particularly satisfactory when they can be 
used 


Problems 

1. A vertical wire 10 meters long carries a current of 5 amp. of frequency 200 kc. 
Assuming the wire is in free space, calculate the strength of the radiated field produced 
at distances of 1, 10, 50, and 200 km in a direction at right angles to the axis of the 
wire. 

2. Explain why a receiving antenna consisting of a horizontal wire has no Voltage 
induced in it by a vertically polarized wave. 

3. a. A particular antenna consists of a horizontal wire wave lengths long. 
Sketch the nature of the current distribution in the antenna and also sketch the image 
antenna with its current distribution. 

b. Repeat (a) for the case where the wire is vertical with its lower end X/4 alcove 
ground. 

4. Derive Eqs. (125a) and (1256). * 

6. A half-wave vertical antenna is placed so that its center is a half-wave above 
the ground. Assuming a perfect earth, calculate and plot the resulting directional 
pattern in a vertical plane. 

6. An antenna consists of a horizontal wire a half wave length lon^ and three- 
fourths wave length high. Calculate and plot the directional characteristics in 
vertical planes that: (a) are at right angles to the axis of the wire and (6) contain the 
wire. Assume a perfect earth. 

7. Calculate and plot the directional characteristics of a resonant-wire antenna 
21^ wave lengths long and located in free space. 

8. Calculate and plot the directional characteristics in a vertical plane of a vertical 
wire 0.53 wave length long and grounded at the lower end. 

9. Three quarter-wave grounded vertical antennas spaced along a line with a 

spacing between adjacent antennas of a half wave length, are excited in the same 
phase. Calculate and plot the resulting directional characteristic for the horizontal 
plane. • 

10. An antenna system consists of two spaced grounded vertical wires carrying 
currents of the same magnitude and phase. Deduce a formula for the directional 
characteristic in a vertical plane containing the line joining the wires, assuming that 
the field from the individual radiator is proportional to tlie cosine of the angle of 
elevation, and that the spacing of the antennas is d/\ wave lengths. 

11. In a non-resonant antenna it is possible, by the use of series condensers, to 
reduce the phase shift of current along the line to the point where the current every¬ 
where is of the same phase. Discuss, qualitatively, the effect that this change can be 
expected to produce in the directional characteristic, with particular reference to 
the directions of maximum radiation. 

12. If the tilt angle is not the optimum value in a non-resonant V antenna of the 
type shown at Fig. 233a, demonstrate qualitatively that, although the major lobes 
of radiation from the two sides of the V do not point in the desired direction, the sum 
of the two lobes does, provided that the tilt angle is not too far from optimum. 

13. Design a horizontal rhombic antenna that will give optimum directivity at a 
wave length of 20 meters, when the length of each leg is limited to 50 meters and the 
radiation is to be concentrated at a vertical angle of 15 deg. above the horizontal. 
The design includes determination of antenna dimensions (in meters or feet), angles, 
and height above earth. 
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14. Calculate the directional characteristic in a vertical plane passing through the 
apex with terminating resistance of a rhombic antenna having a tilt angle of 60 deg., 
legs 3 wave lengths long, and a height above earth of one wave length. 

16. Design a horizontal resonant V antenna for service at a wave length of 40 
meters, when the length of each leg is 3^^ wave lengths, when the optimum vertical 
angle is 20 deg., and when a unidirectional characteristic is desired. The design 
includes specification of antenna dimensions (in meters or feet), apex angle, height 
above earth, and relative spacing and phasing of the two V’s. 

16. Derive a formula for the directional characteristic in a horizontal plane of the 
antenna system of Fig. 221a. 

17. Derive a formula for the directional characteristic in the horizontal plane of an 
antenna system comprising two vertical wires spaced a distance d apart, carrying 
currents with magnitudes in the ratio Ay and having a relative phase 

18. a. Design a broadside array giving a gain of 20. 

6. Design a reflecting curtain for the array of a that will give a unidirectional 
characteristic. 

19. Design a fishbone antenna to receive long-distance signals in the frequency 
range 15 to 7.5 me. The design includes specification of number, length, and spacing 
of the collector antennas and the height of the array. ‘ 

20. A horizontal short-wave antenna is to be used to communicate with a receiver 
located 300 km distant. Assuming that the waves are reflected from the E layer, how 
high should the antenna be above earth? 

21. When a parabolic reflector is used, explain why the focus must be an odd 
number of quarter wave lengths distant from the nearest part of the reflector. 

22. A particular two-wire transmission line is to be constructed from No. 12 
wires (diameter 0.08 in.) and must have a characteristic impedance of 600 ohms. 
Specify the spacing required. 

23. Explain how unbalances to ground or dissymmetries in a transmission line 
will cause currents to flow out along the two transmission-line wires in parallel and 
return via the ground. 

24. In (6) of Fig. 241, explain: (a) the means by which the coupling between line 
and antenna is obtained, and (b) the reason the line should be an odd number of 
quarter wave lengths long. 

26. A half-wave transmitting antenna is to be coupled to a 600-ohm line so that 
the line will be non-resonant. If the connection to the antenna is made by opening the 
center of the antenna so that the antenna offers a resistance impedance of 73.4 ohms, 
design a quarter-wave coupling line of the type shown at Fig. 238c. 

26. Calculate and plot the directional characteristic of the antenna system of 
Fig. 241c, assuming that the height above ground is one wave length, making calcula¬ 
tions for vertical planes containing (a) the antenna wires and (6) at right angles to the 
antenna wires. 

27. a. Calculate and plot the directivity in a vertical plane of grounded vertical 
antennas of heights X/8, 3X/8, X/2, 0,53X and 0.60X. Plot on the same polar coordi¬ 
nates and reduce all cases to the same radiation along the horizontal. 

b. From the results discuss the effect of antemia height from the point of view of 
broadcast coverage. 

28. Explain why a large receiving antenna is of advantage when the receiver is not 
particularly sensitive, but is of little or no advantage with a sensitive receiver. 

29. In the all-wave receiving antenna of Fig. 244 what would be the practical 
effect of: (a) a poorer impedance match between the antenna and the line, (6) a poorer 
impedance match between the line and the receiver input, and (c) increasing the length 
of the transmission line? 
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RADIO AIDS TO NAVIGATION 

124, Radio Direction Finding.—Radio waves provide an important 
aid to navigation. Thus a ship or airplane can obtain its location by 
determining the direction of arrival of radio waves sent out by two or 
more transmitters at known locations. Similarly it is possible to deter¬ 
mine the location of a radio transmitter by taking bearings on the radio 
waves at two receiving locations. 





Loop Antennas ,—Most direction-finding systems make use of a loop 
antenna, which is essentially a coil of large cross section, as shown in 
Fig. 245. Passing waves induce voltages in the wires of the loop and 
produce a loop current that depends upon the orientation of the loop 
with respect to the wave front. The detailed action involved can be 
understood by considering the effect that vertically polarized waves 
produce on a vertical rectangular loop. When the plane of such a loop 


Plan View of Loop 
SHowinq Diredionof 
Wave Travel 



Vector Diagrams of Voltage# Acting In Loop 
Siole View of Loop A BCD E 



Fio. 246.—Vector diagrams showing how the voltages induced in the two sides of a loop by a 
passing radio wave combine to give a resultant voltage acting around the loop. 


is perpendicular to the direction of travel of the waves, as shown by C in 
Fig. 246, the voltages induced in the two vertical sides are of equal 
magnitude and have the same phase. Being directed around the loop in 
opposite direction, however, these voltages cancel each other and result 
in zero loop current. On the other hand, when the plane of the loop is 
parallel to the direction of wave travel, as in cases of A and E of Fig. 

406 
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246, the wave front reaches the two sides at slightly different times, 
causing a phase difference that gives rise to a resultant voltage acting 
around the loop. The result is then a directional response as shown 
in Fig. 247a. In the usual case when the loop is small compared with a 


(a) Directional 
Charoicteristic 
of Loop 


(b) Directional Characteristic of Loop Having Antenna 
Effect in Phase with Resultant Loop Voltage 
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(c) Directionoil Characteristic of Loop Having Antenna Effect 
90° out of Phase with Resultant Loop Voltage 
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Fig. 247.—Directional characteristics of vertical loop for vertically polarized waves, 
with and without antenna effect. Note how a small antenna effect in phase with the loop 
voltage changes the relative amplitudes of the lobes and prevents the two null directions 
from being 180° with respect to each other, whereas antenna effect in quadrature with the 
loop voltage obscures the nulls. 


wave length, the resultant voltage acting around the loop for any shape 
loop is^ 

Resultant voltage ) « n /toc\ 

f I 1 f = 27r8A^ — cos B (135) 

acting around loop; X 

where 

A — loop area in square meters 
8 = strength of radio wave in volts per meter 
N = number of turns in loop 
X = wave length of radio wave in meters 
6 = dir(‘ction of travel of wave with respect to plane of loop 
Direction Finding toith Loop Ante7ina .—The direction in which a radio 
wave travels can be determined by rotating a loop antenna until an 
associated radio receiver indicates zero response. The radio wave is 
then seen from Eq. (135) and Fig. 247a to be traveling in a direction 
that is perpendicular to the plane of the loop. It is customary to adjust 

1 This formula can be readily derived as follows, taking I and s as the height and 
width of the loop, respectively: The voltage induced in each vertical leg is ZNl. The 
phase difference between the voltages is (2irs cos $/\) radians, since the wave front 
must travel a distance a cos 6 in passing from one leg to the other. Subtracting the 
voltages ih the two legs while taking into account this phase difference, gives Ek|. (135). 
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the loop for minimum rather than maximum response, because the mini¬ 
mum is sharper than the maximum. 

A simple loop antenna employed as described gives the bearing angle 
of the radio wave, but leaves a 180° uncertainty in the actual direction of 
the transmitting station. The sense of the bearing can be determined 
by inducing in series with the loop a small voltage derived from a vertical 
antenna but 90° out of phase wdth the voltage that the passing wave 
induces in the vertical antenna. The resulting direction pattern of the 
combined loop and vertical antenna for various amounts of antenna effect 
is shown in Fig. 2476. It is seen that when the antenna effect is not too 
great, one lobe of the loop pattern is enlarged, and the other is reduced. 
This action is caused by the fact, brought out by cases A and E of 



Fig. 246, that the equivalent voltage acting 
around the loop and repn'senting the loop 
pick-up, is approxilnately 90° out of phase 
with the voltage induced in the wires of the 
loop and has a polarity that depends upon 
the direction of arrival of the radio waves. 
Hence when the non-directional energy pick¬ 
up of the vertical antenna is used to induce 
a voltage into the loop circuit with a 90° 
phase shift, this voltage will add to or sub¬ 
tract from the loop pick-up according to the 
direction from which the waves arrive. 


The sense arrangement in a typical direction-finding system is shown 
in Fig. 248. Here a vertical antenna locatc^d somewhere near the loop 
is provided with a high series resistance to make the antenna current 
substantially in pliase with the voltage induced by the passing wave. 
This antenna circuit is arranged so that it can be inductively coupled to 
the loop. The voltage induced in the loop from the antenna is then 
90° out of phase with the current (and hence voltage) produced in the 
vertical antenna by the passing wave. The series resistance in the 
antenna and the coupling between loop and antenna are adjusted so 
that the antenna effect is less than the loop pick-up, but at the same time 
is sufficient to produce a noticeable effect upon the directional pattern 
of the loop. 

The practical procedure for determining the direction of arrival 
of radio waves with an arrangement such as shown in Fig. 248 is as 
follows: The bearing is first obtained by adjusting the loop for minimum 
response with the vertical antenna disconnected. The loop is then 
rotated 90° and the vertical antenna connected to one end of its coupling 
coil by means of a push button. The addition of the vertical antenna 
will then cause the receiver output to decrease or increase according to 
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the sense of the bearing. By checking the system against a wave of 
known sense at the time of installation, and thereafter always making 
the 90° rotation of the loop in the same direction, all uncertainty as to 
the sense of the bearing is removed. 

126. Errors in Loop Bearings. —A loop antenna will give spurious 
bearings unless it is electrically balanced with respect to ground. The 
reason for this can be understood by considering the action of the unbal¬ 
anced loop of Fig. 249. When the loop is in the zero signal position the 
voltages induced in the vertical legs are of the same magnitude and phase, 
and, being directed around the loop in opposite directions, produce no 
resultant voltage around the loop circuit. However, because of the 
dissymmetry that results from grounding one side of the tuning condenser, 
capacitance currents flowing to ground through Cg pass through the 


Unbalanced loop Balanced loop arrangcmen+s 



Insula led Joint 
in shield'. 


static T _ f 


B 




^ield 

Loop 


Radio receiver f \ shields To receiver 
Fio. 249.—Unbalanced, balanced, and shielded loop arrangements. 


tuning condenser, whereas the corresponding currents through Cg do 
not. This unbalance causes a signal to be delivered to the receiver even 
though the loop is in the position for zero response. The resulting effect 
is equivalent to coupling a small amount of vertical antenna pick-up 
into the loop circuit with a 90 degree phase shift. Zero response then 
corresponds to a loop })osition other than perpendicular to the direction 
of travel of the radio waves, as ap]mrent from Fig. 2476. The presence of 
residual ante^nna effect can bo detected by rotating the loop 180° after 
the zero response setting has been obtained. If there is no unbalance, 
the output will again be zero. However, if some antenna effect is present, 
a signal will appear upon reversal of the loop, because, as seen from Fig. 
2476, the two zero directions are not exactly 180° with respect to each 
other in the presence of antenna effect. 

Errors from unbalance can be minimized by using circuit arrangements 
that are symmetrical with respect to ground, such as shown in Fig. 249. 
It is also helpful to enclose the loop in an electrostatic shield, such as a 
metal housing broken by an insulated bushing as shown schematically 
in Fig. 249. Such a shield insures that all parts of the loop will always 
have the same capacitance to ground irrespective of the loop orientation, 
or of neighboring objects. Finally, where maximum accuracy is required, 
it is essential that residual unbalances be compensated for by a small 
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balancing condenser such as provided in Fig. 248, which can be used to 
introduce a controllable amount of compensating antenna effect. The 
proper adjustment of this balancing condenser is obtained by connecting 
the antenna to the center plate and determining experimentally the con¬ 
denser setting for which a 180® rotation of the loop does not effect the 
null. 

The bearings obtained with a loop are influenced by the presence of 
wires and other conductors in the vicinity of the loop. This is because 
these metal objects abstract energy from the passing wave and then 
produce radiation and induction fields that induce spurious voltages in 
the near-by loop. It is accordingly always necessary to make an experi¬ 
mental correction curve for loop bearings unless the space near the loop is 
entirely free of metal objects, including those that are buried. When 
the influence of near-by conductors is appreciable, it is commonly found 
that in addition to the errors in bearing, thefe will be no position for 
which the loop output drops to zero. This arises when the spurious 
voltage induced in the loop contains a component 90® out of phase with 
the voltage acting around the loop. There is then no loop position for 
which the total voltage acting around the loop will be zero, and the 
minimum will be obscured, as in Fig. 247c. 

Indistinct loop minima can be eliminated either by removing the 
offending objects, or by compensating for their induced voltages by 
stringing wires that will induce more or less equal, but opposite, voltages. 
Thus with a loop located between the foremast and smoke-stack of a 
steamship, the necessary compensation can be obtained by running one 
or more cables from mast to stack directly over the loop. By experi¬ 
mentally varying the position of such a cable, and in some e-ases by the use 
of several cables, oftscure minima can ordinarily be eliminated. 

A properly balanced, compensated, and calibrated loop antenna will 
give bearings accurate to better than one degree on radio signals from 
near-by transmitters operating at frequencies below 500 kc. The error 
becomes greater the higher the frequency and the greater the transmission 
distance, as the result of night effect.^' Greater errors also occur when 
the bearings closely follow a coast line, or when the waves travel over 
mountainous land. 

Night Effect —A loop antenna will give correct bearings only when no 
horizontally polarized downcoming waves are present. The reason for 
this is that such waves induce voltages in the horizontal members of the 
loop that do not cancel out even when the plane of the loop is perpendicu¬ 
lar to the bearing angle of the radio wave. The result is then cither a 
false bearing, or an indistinct minimum, or both. This action is com¬ 
monly termed night effect because at the frequencies ordinarily used in 
direction-finding work, i.e., below 500 kc, the strength of the sky wave 



Sec. 127] 


RADIO AIDS TO NAVIGATION 


411 


reflected to earth by the ionosphere, and hence the strength of the down¬ 
coming waves, is much greater at night than during the day. Night 
effect becomes more pronounced the higher the frequency and the greater 
the distance. This is because the ratio of sky-wave strength to ground- 
wave strength becomes higher as the frequency and distance are increased. 
As a consequence of night effect, it is found that at 375 kc, which is the 
frequency most commonly used in direction-finding work, the accuracy 
that can be obtained at night over sea is approximately 2° at distances 
up to 40 miles, and 5° up to 80 miles. During the day, i.e., from about 
one hour after sunrise to one hour before sunset, bearings taken over sea 
at 375 kc are usually accurate to within 2 degrees, irrespective of 
distance. 

126. Adcock Antenna. —The errors in bearing caused by down¬ 
coming horizontally polarized sky waves can be eliminated by replacing 
the loop antenna with an Adcock antenna, which in its 
simplest form consists of two spaced vertical antennas 
connected as shown in Fig. 250. The action of such an 
antenna, as far as vertically polarized waves are concerned, 
is identical with the loop. This is the case because the 
resultant current in the output of the Adcock antenna is 
proportional to the vector difference of the voltages induced 
in the two vertical members, exactly as is the Case with gimpir form 
the loop. Horizontally polarized downcoming waves do of Adcock 
not affect the Adcock antenna, however, since the voltages 

induced in the two horizontal members are the same in phase as well as 
magnitude and so cancel out as a result of the circuit arrangements. 

By maintaining symmetry with respect to ground and by enclosure 
in an electrostatic shield, the Adcock antenna makes it possible to obtain 
accurate bearings to over a hundred miles at frequencies in excess of 
5000 kc under conditions where a loop antenna is utterly useless. The 
practical value of the Adcock antenna is, however, limited by the fact 
that the energy pick-up is the same as that of a one-turn loop and so 
tends to be quite small. 

127. Homing Devices. —A homing device is a form of direction 
finder that gives a visual indication of the orientation of the direction¬ 
finding equipment with respect to the direction of travel of a radio 
wave. A typical circuit arrangement is shown in Fig. 251. Here equal 
loop and vertical antenna outputs are combined to give a cardioid 
directional pattern, and the output of the receiver is rectified and passed 
through a zero-center direct-current galvanometer. The polarity of the 
loop output is continually reversed by means of a commutator so that the 
directional pattern is shifted back and forth between the solid and 
dotted cardioids of Fig. 251. A second commutator synchronous with 
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the first reverses the terminals of the galvanometer in synchronism with 
reversals of the loop polarity, so that the net galvanometer current 
represents the difference between the receiver outputs for the two loop 
polarities. If the signals travel in a direction that is perpendicular to 
the plane of the loop, the receiver output is the same for both loop 
polarities. Equal d-c currents will then pass through the galvanometer 
alternately in opposite directions, and there will be no deflection. How¬ 
ever, if the bearing of the signals is not perpendicular to the plane of the 
loop, the output will depend upon the loop polarity as seen in Fig. 251, 
and d-c current then flows through the galvanometer, causing a deflection 
to the right or left according to which side of the zero direction the signals 
arrive from. 

Homing devices are particularly useful in guiding planes, ships, etc., 
to a base. Thus an airplane sent out from an aircraft carrier can be 
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Fio. 251.—Circuit diagram of simple homing device, together with diagrams of the antenna 
directional patterns for the two loop polarities. 


guided back to the ship by means of a homing device set to give 
on-courseindication (zero galvanometer deflection) when the plane is 
headed in the direction of travel of the radio signals sent out from the 
carrier. 

128. The Radio-range Beacon. —^The radio range is a type of radio 
beacon which lays down a course in a ])redetermined direction. A 
typical arrangement consists of two crossed loop or Adcock antennas that 
are alternately excited from a common source of radio-frequency power. 
The directional characteristics of various arrangements of crossed anten¬ 
nas are shown in Fig. 252, where it is seen that in certain directions from 
the transmitter the signals from the two antennas are of equal strength. 
By interlocking the* two antennas so that one of them is always radiating 
energy, and then sending out complementary signals such as N (— •) 
and A (• —), the signal heard along the equisignal line is a continuous 
dash. In contrast with this, at points to the side of this equisignal 
course one or the other of the code characters dominates. The principal 
air routes of the United States are marked by this type of radio’ 
beacon. 
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The various courses of the radio range can be aligned to the actual 
routes followed by air travel. Methods of doing this include varying 
the angle between the crossed antennas, supplying unequal power to 
the two antenna systems, and adding a small amount of additional 
radiation from a vertical antenna, as illustrated in Fig. 252, and various 
combinations of these expedients. 

The distance over which the beacon courses can be depended upon is 
limited by night effect, which causes the apparent course to shift. Errors 
in course indications can be minimized by using Adcock transmitting 
antennas instead of loops, since in this way the radiation of horizontally 
polarized waves is avoid(‘d. It is also desirable to employ a receiving 
antenna in which the horizontal portions are symmetrically arranged, 



Note: Doffeof curves refer fo antenna B 
So/id curves refer fo antenna A 

Fio. 252.—Equisignal courses from a radio range under various adjustments. 

SO that there will be no response to horizontally polarized waves. When 
th(\se precautions are taken, radio-range course indications for fre- 
qu(*ncies around 250 kc are usually dependable up to about 100 miles 
both day and night. 

Problems 

1. a. Derive a formula for the effective height of a .small loop antenna. 

h. Calculate the effective height of a loop antenna 3 by 2 ft. with 20 turns, when 
the wave length is 10(X) meters and d = 0°. 

2. Calculate the resultant voltage acting around the loop in Prob. 16 when the 
strength of the radio signal is 10 luv per meter and 0 = 0°. 

3. Discu.ss the factors that set a practical limit to the number of turns that can be 
used on a given-sized loop frame. 

4. Describe the three-dimensional directional pattern of a loop that is in free space 
(remote from ground). 

5. Explain why the zero-signal position of a loop is not affected by horizontally 
polarized waves traveling parallel to the ground, or by vertically polarized downcom¬ 
ing waves, but is affected by horizontally polarized downcoming waves. 

6. When attempts arc made to eliminate obscure minima by stringing conductors 
near the loop, it is sometimes found helpful to iiuscrt resistance, inductance, or capaci¬ 
tance in series with the cables. Explain why this is. 

7. The magnitude of the ‘^light-effect^^ errors obtained in direction-finding work 
ifi greater when the Waves travel over land than over sea. Explain. 
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8 . An airplane or ship, using a homing device to guide it to a base, can tell whether 
it is approaching toward or receding from the source of signals by intentionally 
deviating from'the on-course*^ direction and noting whether the indicator of the 
homing device deflects in the same or opposite direction from the ship deviation. 
Explain why this is. 

9. Demonstrate that the Adcock transmitting antenna is superior to the loop for 
radio-range work only when the ionosphere produces little change in the polarization 
of the sky wave, and that at high frequencies, where there is a large change in polar¬ 
ization produced by the ionosphere, the Adcock antenna has little if any advantage 
for transmitting. 

10. Explain the experimentally observed fact that radio-range signals are more 
dependable over earth of good conductivity than over earth of poor conductivity. 
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129. Elements of a System of Television. —Television is accomplished 
by systematically exploring the scene to be reproduced and transmitting 
at each instant a current that is proportional to the light intensity of the 
elementary area being explored at the moment. The scene is then 
synthesized at the receiving point by employing this transmitted current 
to control the light intensities of successive elementary areas correspond¬ 
ing to the elementary areas being explored at the transmitter. By carry¬ 
ing out this process with sufficient rapidity, the effect of a motion picture 
is obtained. 

130. Scanning. —The process of exploring 
an image to obtain a current that varies with 
time in accordance with the light intensity of 
successive areas of the scene is called scan¬ 
ning. In all practical systems of television 
the portion of the picture viewed at any one 
time is limited by some form of aperture 
which has a height that is from to 
of the height of the image, and which is 
commonly square. This aperture is moved 
relative to the image along successive parallel 
slightly sloping paths that are spaced by an 
amount equal to the height of the aperture, 
as shown in Fig. 253. With such an ar¬ 
rangement the entire image is systematically 
covered by means of a series of lines, the edges of which just barely 
overlap. 

Many methods have been devised for carrying out the scanning opera¬ 
tions. Of these, the two that have proven most successful for general 
television work are the Image Dissector,” developed by Farnsworth, 
and the “Iconoscope” of Zworykin. 

The Image Dissector .—The principal features of this device are 
indicated in Fig. 254. Here C is a translucent cathode, the surface of 
which is coated with photosensitive material and upon which is focused 
the optical irnag^ of the scene to be transmitted. Each elementary 
area of the cathode surface accordingly gives a photoelectric emission of 

415 
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electrons proportional to the light intensity of that particular part of 
the picture. These emitted electrons are then attracted to the anode Ay 
which is at a positive potential with respect to the cathode. By means 
of a suitable axial magnetic field produced by a direct current in the 
focusing coil, all electrons emitted from a given point on the cathode 
will converge together again at the anode plane, as illustrated in Fig. 254. 



Fiq. 254.—Essential features of the image dissootor. 


(Tube 


I 

i 


Under these conditions the distribution of el(‘ctrons at the anode plane 
corresponds to the distribution of light intensity upon the cathode, thus 
giving at the anode what might be termed an electron image of the scene 
being reproduced. 

The anode A is provided with a scanning aperture consisting of a 
small hole. The electrons passing through the aperture are collected 

by a collector electrode, which hence re¬ 
ceives an electron current proportional to 
the light intensity of the corresponding part 
of the optical image. The picture is then 
scanned by displacing the electron image at 
the anode with respect to the aperture so 
that the part of the image that supplies 
electrons to the collector electrode is con¬ 
tinuously changing in a systematic manner. 
'Coils for producing This displacement of the electron image 

Fio. 255.— Coil system for accomplished by means of magnetic fields 

producing magnetic deflection of produced by the two pairs of coils shown 
electron image and for focusing. . j;,. oce r^ j xu u 

The view shown is a cross section ^^8* 255. Current passed through the 

^ough the middle oj the tut^ of top and bottom pair produccs a magnetic 

field that will deflect the electron image 
to the' right or left, and current passed 
through the two side coils will in the same manner deflect the 
electron image up or down. Scanning is accomplished by applying to 
the side coils a saw-toothed current wave, such as illustrated in Fig. 256, 
having a frequency equal to the number of times per second the scene 
is to be scanned, while the second pair of coils is supplied with a similar 







Fig. 254 at right angles to the 
axis. 





Sac. 130] 


TELEVISION 


417 


saw-toothed wave of current having a frequency equal to the number 
of lines per picture multiplied by the number of pictures per second. 
The result is to move the electron image with respect to the aperture in 
the manner indicated in Fig. 253. 

The output of the image-dissector tube can be increased greatly by 
using secondary electron emission to multiply the electrons passing 
through the anode aperture. This is accomplished by causing the 
electrons that pass through the aperture to strike a surface that is 
especially prepared to give secondary 

electron emission. The secondary elec¬ 

trons thus produced are used to give more 
secondary electrons, which in turn can be 
made to produce still more, and so on. for scanning purposes. 

Since five to ten secondaries can be pro¬ 
duced for each electron striking a sensitized surface, it is apparent 

that the output of the image dissector can be readily increased a 

thousandfold, or even more, in this way. Details of practical electron 
multipliers are to be found in the literature.^ 

The Iconoscope .—The iconoscope method of scanning can be explained 
by ref(‘rence to Fig. 257. The optical image of the scene under considera¬ 
tion is focused upon the screen P consisting of a mica or other ilisulating 
plate, upon the illuminated side of which is a mosaic surface composed 




Fia. 257.—Essential features of the iconoscope. 


of minute isolated globules that are photosensitive. The manufacturing 
process used in producing this surface is such that the individual globules 
are actually insulated from each other. The back side of the mica or 
insulating plate has a metal coating that serves as the output electrode, 
as shown. The optical image focused upon the mosaic photosensitive 

^Thus see P. T. Farnsworth, Television by Electron Image Scanning, Jour. 
Franklin Inst., vol. 218, p. 411, October, 1934; V. K. Zworykin, The Secondary 
Emission Multiplier—A New Electronic Device, Proc. I.R.E., vol. 24, p. 351, March, 
1936. 
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surface is scanned by means of a cathode-ray beam that is produced by an 
electron gun similar to that used in ordinary cathode-ray oscillograph 
tubes. This cathode-ray beam scans the mosaic surface by means of 
vertical and horizontal deflecting fields actuated by saw-toothed voltage 
waves similar to those used in the dissector described above. 

The operation of the iconoscope depends upon the fact that each 
globule of the mosaic surface forms a small condenser with respect to 
the back plate. When light falls upon a globule, electrons are lost 
through photoelectric emission, and the globule becomes positively 
charged with respect to the back plate. This positive charge builds up at 
a rate proportional to the light intensity. When the cathode-ray beam 
strikes the globule, this positive charge is neutralized by the electrons in 
the cathode-ray beam, so that the cathode-ray spot can be said to dis¬ 
charge the globule. At the instant of discharge there is a rush of current 
through the resistance R proportional to the positive charge accumulated 
upon the globule, and hence proportional to the illumination upon the 
globule. It is to be noted that the current passing through the output 
resistance R is relatively large because the number of electrons in the 
discharge is equal to the total photoelectric emission since the previous 
scanning. This means that the total emission over one picture frame 
(commoilly is utilized, instead of only the photoelectric emission 

during the instant the spot is being scanned. Although the storage action 
is not 100 per cent efficient, it mwertheless greatly inen^ases the output. 

131, Reproduction of Television Images at the Receiver. —All 
modern systems of television employ a cathode-ray tube to reproduce 
the picture at the receiver.^ The intensity of the luminous spot is 
controlled by the strength of the incoming signals, while the position is 
controlled by saw-tbothed deflecting waves similar to those employed for 
scanning at the transmitter. By synchronizing the receiver deflecting 
waves with the corresponding waves at the transmitter by means 
described below, the cathode-ray spot on the frame of the received 
picture will be in the same relative position as the picture element being 
scanned at the transmitter. The result is then the synthesis at the 
receiver of the original image. 

132. Miscellaneous. Scanning Waves .—The saw-tootlu'd scanning 
waves of Fig. 256 must be substantially linear during the period in order 
for the scanning to take place properly. During the return period ir the 
exact shape is not important, but the ratio of return time to scanning 
time tr/ts should be small in order to avoid lost time. The nature of 
the saw-toothed generator must also be such that the frequency can be 
readily controlled by means of pulses injected from an external source. 

^ This cathode-ray tube is often given a special name such os osdllile, kinescope^ 
etc., when used in television, but it is still only a cathode-ray tube. 
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With electrostatic deflection, a saw-toothed voltage wave is required. 
This can be generated in a number of ways, a typical arrangement being 
shown in Fig. 258a. Here V is a tube that is biased beyond cut-off 
except during moments when a synchronizing pulse is acting on the grid. 
The operation can be understood by starting at the moment just after a 
synchronizing pulse has caused the discharge of the condenser C. As 
soon as the pulse is removed, the tube becomes non-conducting and the 
condenser starts to charge through the series resistance R, If the circuit 
proportions are such that the voltage across the condenser is always much 
(a) Generator of Saw-tooth Voltage Wave 



(b) Generator of Voltage Wave That Will Cause 
Saw-tooth Current Wave in a Coil 
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(c) Shape of Voltage Waves Required to Produced 
Saw-tooth Current Wave 
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Fig. 258.—Circuit for generating a saw-tooth wave, together with voltage wave shapes 
required for a saw-tooth current wave through a resistance, an inductance, and a circuit 
with both resistance and inductance. 


smaller than the supply voltage, the resulting condenser voltage will 
build up linearly, giving a substantially straight-line saw tooth cor¬ 
responding to the portion ts in Fig. 256. This process continues until 
the next synchronizing pulse arrives, when the tube momentarily passes 
plate current, discharging the condenser C rapidly and giving the return 
part tr of the cycle in Fig. 256. After the passing of the synchronizing 
pulse, the tube again becomes non-conducting and the cycle is repeated. 
It will be noted that the result is a saw-toothed voltage wave having a 
frequency controlled by the external synchronizing pulses. 

When magnetic deflection is employed for scanning, it is necessary 
to have a saw-toothed wave of current rather than a saw-toothed voltage 
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wave. If the coil were a pure inductance, the required shape of the volt¬ 
age wave would be a rectangular pulse having a duration equal to the 
return time, as shown in the second line of Fig. 258c. On the other hand, 
if the coil were predominantly resistive, the voltage wave would have 
the same shape as the current wave and so would be saw-toothed as in the 
first line of Fig. 258c. In the actual case, where both resistance and 
inductance are present, it is necessary to combine the wave shapes of 
resistance and inductance in the proper proportion, such as shown in the 
last line of Fig. 258c, in order to get a voltage that will produce a saw¬ 
toothed wave of current. Such a voltage wave can be obtained by 
rearranging the circuit of Fig. 258a as in Fig. 2585. The voltage across 
the condenser C in this arrangement has the same shape as in Fig. 258a, 
Z.C., is a saw tooth suitable for overcoming the resistance drop of the 
deflecting coil. The voltage across r, however, is in the form of a pulse, 
as shown in the second part of Fig. 258c, • provided r «/i. This is 
because, when the condenser discharges, there is a sudden rush of current 
through r, while during the charging period the current through r is small 
and substantially constant. 

Synchronization ,—In television it is necessary that perfect S 5 mchroni- 
zation be maintained between positions on the image at transmitter and 
receiver at all times. The most satisfactory method of doing this 
consists in generating pulses at the transmitter which control the saw¬ 
toothed scanmng waves used in the pick-up device, and which at the 
same time are transmitted to the receiver and there used to control the 
scanning of the reproducing equipment. The required pulses can be 
generated in a numbc'r of ways, as for example by use of a rotating (fisk 
provided with holes that allow a light to shine intermittently upon a 
photoelectric cell.* 

The usual procedure is to indicate the (md of each scanning line 
by a short synchronizing pulse, while the end of each picture frame is 
marked by a much longer pulse. These pulses occupy 5 to 15 per cent 
of the total time, and are separated at the receiver by their difference 
in length. 

Exact synchronization between transmitter and receiver is obtained 
by superimposing the synchronizing pulses upon the signal currents 
obtained from the pick-up tube and transmitting both to the receiver 
together. In order that the signal currents will not interfere with 
the synchronizing action, the polarity of the transmitted synchronizing 
pulses is made to correspond to the polarity of black, and the amplitude 
of the pulse is made appreciably greater than the amplitude of the signal 
current for a black portion of the image. In this way the synchronizing 
pulses are always larger than the maximum possible signal current. In 
order to prevent overloading of the transmitting equipment, it is common 
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practice to pas3 the combined signal and synchronizing currents through 
a limiting amplifier which limits the peak amplitude to perhaps 50 per cent 
more than black. The resulting waves as transmitted are shown in Fig. 
259. 

By transmitting the synchronizing pulses with a polarity correspond¬ 
ing to that of black in the reproduced picture, and at the same time by 
making these pulses have a duration equal to or slightly greater than the 
time required for the saw-toothed scanning wave to return from the end 
to the beginning of its linear portion, the cathode-ray spot is blacked out 
during the return period. 

At the receiver the synchronizing pulses are separated from the 
signal currents by taking advantage of the difference in amplitude. 
This can be conveniently done by biasing an amplifier tube sufficiently 
far beyond cut-off so that only the synchronizing i)uls(\s have sufficient 
amplitude to cause plate current to flow. The resulting pulses free of 


Synchronizing impulse lo 
srabiUze ihe iine-frequ^ncy 
fooih generator a f 
receiver \ 

\ 

r-Limihing level y 


pulse lo Synchronizing impulse A> 

frequency srabiUze frame-frequencv 

rafor af saw- ioofh qenerafor at 


the receiver * 


U- Qrjg frame -J-—>1 

One line ^ 

—Typical television signal showing superimposed synchronizing pulses. 


Fio. 269. 




Hignal are then applied to a network, which separates the line and frame 
pulses by utilizing their difference in duration. 

Frequency Band and Picture Detail .—The detail that can be reproduced 
by a television picture is determined by the number of scanning lines. 
Studies show that it is necessary to have at least 180 lines to reproduce a 
scene with any satisfaction, that 240 lines give a fair picture, and that 
480 lines are practic‘ally equivalent to a home movie. At the present 
time it is considered that commercial television must have at least 240 
lines, and there is a tendency to standardize on 350 to 450 lines. The 
effect of the number of lines upon the detail is shown in Fig. 260. 

The frequency band required to transmit a picture having appreciable 
detail is very great. The worst case is w here the image to be transmitted 
is a checkerboard pattern of alternate dark and light squares, with the 
side of each square equal to the width of the scanning line. In scanning 
such a picture the output current of the pick-up device will be alternately 
large and small, so that one cycle of output current corresponds to travers¬ 
ing two squares of the pattern. If the number of lines in the picture 
is a, and the ratio of width to height is R aspect ratio), then the total 
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number of squares is a^Rj so that for n pictures per second the frequency 
band required would be a^nR/2 cycles. With ordinary scenes it is found 
that this gives more detail in the direction of the scanning lines than 
in the vertical direction. Experience shows the detail is equal in the two 
directions when the frequency band is only about 70 per cent as great, so 


Actual frequency band = 0,S5a-nR (136) 


The resulting frequency band required to transmit a television image 
having good definition is very high. Thus a 441-line picture, repeated 


(a) 120 scanning lines 



(h) 240 scanning lines 



Fiq. 260.—Typical television images showing effect of the number of scanning lines. 


30 times per second and having an aspect ratio of requires a band 
at least 2,720,000 cycles wide. If 10 per cent is allowed for the sjm- 
chronizing pulses, the actual frequency band that must be provided is 
3,020,000 cycles. When this is modulated upon a carrier, the total 
width of the two side bands is thus over 6,000,000 cycles. 

As a result of these side-band requirements, it is apparent that 
television pictures can be transmitted by wire only over special circuits. 
When radio transmission is to be employed, it is necessary that the carrier 
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frequency be extremely high, such as 40 me or more, so that the side-band 
width will not be too high a percentage of the carrier frequency. 

A'perture Distortion. —The finite size of the aperture at the transmitter 
introduces distortion by making it impossible to transmit details finer 
than the area that the aperture represents.^ This can be made clear 
by considering what happens when a simple image such as that of Fig. 
261a is scanned. As the aperture travels from left to right, it is seen 
that the average light intensity of the area enclosed by the aperture 
varies gradually instead of suddenly from light to dark, thus reproducing 
a distorted pattern as shown at Fig. 2616. This effect is equivalent to 
discriminating against the higher frequency components in the signal. 

Video-frequency Amplifier. —The signal currents obtained from 
the pick-up tube of the television transmitter are commonly termed 
video-frequency currents to distinguish them from audio- and radio- 


(o») Portion of Original 
Pattern 


Typ/ca/ aperture posi'Hons 



<b) Reproduceol Image 
Showing the Consequences 
of Aperture Distortion 



Fio. 261.—Simple image, as scanned at the transmitter, and distorted image received as a 

result of aperture distortion. 


frequency currents. Video-frequency amplifiers for increasing the output 
of a pick-up tube to a level suitable for modulating a radio transmitter, 
and for amplifying the detector output of the receiver up to a level 
suitable for operating the cathode-ray tube, must handle a very wide 
frequency range with negligible frequency and phase distortion. The 
response at low frequencies must extend well below the frequency cor¬ 
responding to the number of pictures per second, and the highest fre¬ 
quency is given by Eq. (136). Over this range the response should be 
substantially uniform and should be accompanied by negligible phase 
distortion. Phase distortion is particularly important because it is 
equivalent to different speeds of transmission for different frequencies, 
and so it obviously distorts the picture by causing certain parts of the 
detail to arrive either too early or too late. This is in contrast with 
audio-frequency work, where, because of the characteristics of the ear, 
the amount of phase distortion produced by ordinary amplifier circuits 
has negligible effect. 

Flicker, Power-line Ripple, and Interlaced Scanning. —If the rate of 
repetition of the television image is not sufficiently high, there will be a 

»In the case of the iconoscope, the size of the cathode-ray spot scanning the mosaic 
plate is the effective size of the aperture. 
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pronounced flicker even though the rate of repetition may be sufiicient 
to convey movement satisfactorily. Studies indicate that the lowest 
repetition rate at which the flicker is not objectionable is approximately 
48 times per second, which is considerably greater than the rate required 
to convey motion.^ 

In selecting the frame frequency it is also necessary to consider the 
effect of power frequency currents in the deflecting and anode circuits. 
If the frame frequency is not an exact submultiple of the power fre¬ 
quency, any stray current of power frequency in the deflecting, anode, 
or control circuits will cause ripples of various sorts to travel across the 
field with very annoying psychological effects. If the frame frequency 
is a submultiple of the power-line frequency, such as 15, 20, 30, or 60 
for a 60-cycle power system, these disturbances, while still present, are 
stationary and so are much less noticeable. 

Since the usual power-line frequency is "60 cycles, and since 60 has 
no submultiple between 30 and 60, it is therefore necessary that the 
repetition rate of the television picture be 60 times per second in order 
to avoid excessive flicker and power-line ripple. This is a relatively 
high frame frequency, at least three times that required to convey 
continuous motion, and so is undesirable because of the excessively wide 
frequency band that results. A fairly satisfactory solution for this 
situation is to scan the image 60 times per second, but to scan only 
alternate lines during one scanning period. Thus with a 240-line picture 
one would scan the odd-numbered lines during the first sec. and 
then scan the even-numbered lines during the next sec. As far as 
flicker is concerned the result is equivalent to scanning at the rate of 
60 times per second, while from the point of view of detail and frequency 
band required, the result is substantially equivalent to scanning a 240- 
line picture 30 times a second. An arrangement of this sort is known as 
interlaced scanning, and is becoming recognized as the best compromise 
between low flicker and the narrowest possible frequency band. The 
chief disadvantage is the relatively complicated synchronizing system 
that is required to interlace the lines accurately. 

133. Typical Complete System of Television, —A television trans¬ 
mitter consists of a pick-up tube (iconoscope or image dissector), a saw- 
toothed-wave generator with frequency controlled from a pulse generator, 
a video-frequency amplifier, and an ultra-high-frequency radio trans¬ 
mitter upon which the output of the video-frequency amplifier is modu¬ 
lated. The amplifier circuits, both video and radio frequency, must be 
arranged to transmit the wide frequency bands involved without appre- 

1 In motion-picture work where there are 24 frames per second, flicker is avoided 
by cutting off the light momentarily during the middle period of each frame so that 
the light flaehea on the screen twice for each picture, or 48 times per second. 
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ciable frequency or phase distortion. In many respects this layout is 
similar to that of an ordinary broadcast transmitter, with the pick-up 
tube taking the place of the microphone and the video-frequency ampli¬ 
fier corresponding to the broadcast audio-frequency .system. A block 
diagram of such a transmitter is shown in Fig. 262a. 



A typical television receiving system is shown in Fig. 2625. Con¬ 
sider for the moment only the picture channel. This consists of a super¬ 
heterodyne receiver with an intermediate frequency of perhaps 10 me, 
with band-pass circuits designed to give a flat response over the neces¬ 
sary frequency range. The intermediate-frequency amplifier is followed 
by the usual second detector, and the resulting video-frequency currents, 
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together with the accompanying synchronizing pulses, are then amplified 
by the video amplifier to a level suitable for controlling the spot intensity 
of the cathode-ray reproducing tube. Synchronizing pulses free of signal 
are obtained by also applying the output of the second detector to an 
amplifier biased so that only the pulses have enough amplitude to 
develop output. The pulses corresponding to the line frequency are 
then separated from the frame frecpiency by a suitable network and used 
to control the frequency of local saw-toothed generators that produce the 
currents for deflecting the spot of the cathode-ray reproducing tube. 

The sound accompaniment for a television picture is most con¬ 
veniently transmitted by modulating an auxiliary carrier frequency that 
is just outside the side-band range of the television signals. The antenna 
circuits and the local oscillator of the receiver can then be common to both 
sound and picture channels, although the sound channel requires a sepa¬ 
rate first detector and intermediate-frequency amplifier, as shown in Fig. 
2626. The intermediate-frequency amplifier for the sound channel 
should have a relatively narrow response band centered about a frequency 
differing from the mid-frequency of the picture-channel intormediate- 
frequency-amplifier response band by the difference between sound and 
picture carriers. In this way the local oscillator automatically produces 
the correct beat frequency for the picture channel when the adjustment is 
such as to bring in the sound channel. 

Problems 

1 . The image dissector is normally operated with an anode voltage that draws the 
electrons away from the cathode as fast as they are emitted. What would be the 
effect of reducing the anode voltage to a value so low that a space charge formed in 
front of the cathod^? 

2. In the image *dis.sector the need for focusing arises be(*ause .some of the emitted 
electrons have a velocity component in a direction parallel with the cathode surface. 
Explain why this would cause the reproduced image to be blurred if no provision for 
focusing were made. 

3. In the iconoscope discu.ss the effect on the reproduced television picture of (a) 
leakage between adjacent globules and (6) leakage from each globule to the back 
plate but no leakage between globules. 

4. If the storage proce.s8 of the iconoscope were 100 per cent efficient, derive a 
formula giving the improvement in sensitivity over the output obtained by a simple 
aperture (as the image dissector without electron multiplication). 

6. Explain why it would be undesirable to use an ordinary sine wave for scanning 
instead of the saw-toothed waves always employed. 

6 . a. What would be the effect on the reproduced image of an improper adjust¬ 
ment of the receiver saw-tooth oscillator for horizontal deflection such that the 
portion U in Fig. 256 was curved instead of linear? 

6. What would be the effect if both sending and receiving saw-tooth oscillators 
for horizontal deflection had the same non-linearity mentioned in (a)? 

7. Explain why it is not permissible to send the synchronizing pulses with a polar¬ 
ity corresponding to white. 
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8 . Calculate the frequency band required to transmit pictures having 120, 240, 

and 480 lines, with a frame frequency of 30 and an aspect ratio of 4:3, when the video 
current is modulated upon a radio-frequency carrier. Allow for synchronizing pulses 
lasting 10 per cent of the time. ’ 

9. Sketch the shape of the output wave of the pick-up tube when one line in the 
pattern of Fig. 261a is scanned, assuming: (a) no aperture distortion and (h) normal 
aperture distortion. 

10. Assuming that the human eye can just distinguish two objects that are 
separated by 2' of arc calculate the frequency band required for “perfect reproduc¬ 
tion^’ of a square tehivision image each side of which subtends an angle of 30 deg., 
corresponding to the size of the sen^en when viewed from the average seat in a movie 
.theatre. Assume 30 complete pictures per second. 

11. Wlum portraying rapid motion, an interlaced scanning system introduces a 
peculiar kind of distortion not present with a simple scanning system. Describe the 
effect. 
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134. Characteristics of Audible Sounds. —The frequency range of 
importance in the reproduction of sound is from about 40 to approxi¬ 
mately 16,000 cycles. Individual sounds differ greatly in the portion 
of this range utilized, however, as illustrat(‘d by Fig. 263. Here it is 
seen, for example, that a frequency range 100 to 8000 cycles is adequate 


'■ Actual tone range 
■ ■ ■■ Accompanying noise rAnge 
• Cutoff frequency of fUfer 
detectable in 60.% of tests 


T^mpoint- 

B^ss drum- 

Snare drum- 

J4" Cymbals- 

Bass violin- 

Cello- 

Pioino- 

Violin- 

Bass tuba- 

Trombone- 

French hom- 

Trumpe+- 

Bass saxophone- 

Bassoon- 

Ba^s clarinet- 

Clarinet'- 

Soprano saxophone- 

Ob^- 

Flo+e- 

Piccolo- 

Male speech- 

Female speech- 

Foot- s+eps—- 

Hand clapping- 

Key jingling- 



Fio. 263.—Frequency range of representative musical instruments as determined by listen¬ 
ing tests (as given by W. B. Snow). 


for the perfect reproduction of a male voice, whereas a piccolo utilizes 
frequencies from 500 to 16,000 cycles. 

The power involved in sounds varies greatly. Thus, although 
speech power during ordinary conversation averages about 10 /xw, peak 
speech powers may reach 6000 /xw, and a very faint whisper may fall to 
0.01 /uw. This represents an intensity range of 500,000:1. Music 
covers an even wider power range. A large orchestra may, for example, 
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develop a peak power of 100 watts, and power ranges of 10,000,000:1 
between the loudest and softest passages are sometimes encountered. 

The distribution of sound power with frequency depends upon the 
sound involved. With speech the most powerful sounds are distributed 
more or less uniformly in the frequency range 500 to 1500 cycles, although 
the average power is greatest in the vicinity of 500 cycles. In music 
the distribution of power depends upon the instrument, with most instru¬ 
ments constructed so as to produce more sound power at frequencies 
below 500 to 1000 cycles than at the higher frequencies. Noises have 
their energy distributed more or less uniformly over wide frequency 
ranges, a single noise sometimes involving all frequencies from 50 to 
15,000 cycles. 

136. Characteristics of the Hu¬ 
man Ear.—The propc^rties of the 
ear are of fundamental importance 
in sound work since it is through 
the medium of the ear that sound 
waves are observed. The frequency 
and amplitude range over which a 
normal car receives auditor}^ sensa¬ 
tions is illustrated in lig. 264. 264.—Average auditory sensation 

Frequencies below about 20 cycles area of normal oars. The curve marked 
• j 1 . r 1 * xi xi “Threshold of audibility” represents the 

are perceived by leeling rather than weakest audible sound, and the curve 

hearing, and frequencies above about “Threshold of feeling” represents the loud- 
^ 1 .1 11 ^ est sound that does not produce pain. 

20,000 cycles are not heard by most 

ears. It is apparent that tlic sensitivity of the ear depends upon the fre¬ 
quency and is maximum in the range 1000 to 3000 cycles. 



The smallest variation in sound amplitude that the ear is able to 
perceive is roughly a constant percentage of the original intensity. The 
minimum percentage of change in sound energy that is detectable is of 
the order of 25 per cent (1 db) in the middle range of frequencies at mod¬ 
erate intensities, and becomes less when the intensity is low or when the 
frequency is high or low. 

The ear has a non-linear response to sound waves of large amplitude. 
The result is that with powerful sound waves the ear produces harmonics, 
as well as sum and difference tones, which are not present in the original 
sound, and yet which are actually present in the hearing organs and are 
perceived by the brain. Such frequencies produced in the ear are called 
subjective tones and explain a number of sound phenomena. Thus the 
pitch of a sound is not changed by removing the fundamental frequency 
since the harmonics combine in the ear to produce a difference frequency 
that recreates the fundamental component in the form of a subjec¬ 
tive tone. This non-linear character of the ear also makes many radio 
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receivers and loud-speakers at least passably acceptable by regenerating 
in the form of subjective tones the low frequencies that the equipment 
itself fails to reproduce. 

Another important consequence of the non-linear character of the 
ear is the phenomenon known as masking, which appears as a deafening 
to high-frequency sounds caused by the presence of a lower pitched sound. 
Masking arises from the fact that, when the ear produces harmonics of 
the low frequencies, these harmonics interfere with the perception of the 
higher pitched sounds, which are then said to be masked. Masking is 
particularly important in noisy locations, sinc(‘ it is equivalent to a deafen¬ 
ing. This makes it necessary to raise the voice when carrying on a con¬ 
versation in a noisy location. 



Fio. 265.—Contours giving intensity relative sound i>ower) required for eciual 

loudness as a function of frequency, for pure tones. The numl^ers on the contours give 
the strength of an equally loud 1000-cycle tone in decibels above the minimum audible 
1000-cycle tone. 

/ 

Loudness .—The magnitude of the auditory sensation produced by a 
sound is termed its loudness. P^xperiment shows that the relative loud¬ 
ness of different frequencies depends upon the absolute as well as upon 
the relative intensity. This is shown by Fig. 265, which prc'sents experi¬ 
mental curves giving intensity of the sound {i.e., sound power) required 
for equal loudness as a function of frequency, for the case of pure tones. 
It is seen from these curves that, when the intensity is lowered, as, for 
example, when a radio is played softly, the lower frequencies tend to 
disappear. Thus, if 100- and 1000-cycle tones both have intensities 
corresponding to the 70-db contour in Fig. 266, reducing the intensity 
of both by 40 db will reduce the loudness of the 1000-cycle tone to the 
30-db contour, whereas the 100-cycle tone will be just at the limit of 
audibility and so will have disappeared. 
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136. Acoustics of Buildings. —The sound reaching an observer will 
generally differ from the sound as generated because of reflections from 
near-by objects. Consider, for example, the situation illustrated in 
Fig. 266, which shows only a few of the paths by which sound produced in 
a room may travel from source to observer. The direct route involving 
no reflections is the most important individual path, but, unless the 
observer is very close to the source, or unless the walls are Uned with 
sound-absorbing material, large amounts of sound energy will reach the 
observer by way of the longer indirect paths involving reflections from 
the bounding surfaces. 

The principal effects that these reflections have 
on the sound are as follows: 

1. The average intensity of the observed sound is raised 
because sound originally sent out in other directions is 
reflected back to the observer. 

2. The relative amplitudes of the different frequency 
com{K)nents of the sound may be altered as a result of 
selective absorption at the reflecting surfaces, which usually 
tend to reflect low frequencies more efficiently than high 
frequencies. 

3. The relative amplitude of the different frequency 
components of the sound will always be altered as a result 
of interference effects resulting from the fact that the phase with which the energy 
traveling along the different possible paths combines depends upon the position of the 
observer and upon the frequency. 

4. The observed sound persists for some time after the original sound has ceased 
as a result of the greater time it takes the sound traveling along the indirect routes 
to reach the observer. This effect is known as reverberation. 

The magnitudes of the first three of these effects depend primarily 
uix)n that fraction of the total energy reaching the observing point which 
has traveled an indirect path, and this in turn is determined by the rela¬ 
tive lengths of the direct and the indirect paths and the fraction of the 
sound-wave energy that is absorbed upon reflection. When the direct 
path is short, or when the bounding surfaces are of such a character as 
to absorb a large fraction of the energy of sound waves striking them, 
most of the energy reaching the observer travels along the direct path, and 
interference, selective absorption, etc., are not important. 

Reverberation, —Reverberation in a room depends upon the ratio of 
the enclosed volume to the area of the bounding surfaces, and upon the 
average coefficient of sound absorption of these surfaces. Reverberation 
is measured in terms of the time after the sound source has been silenced 
that it takes a sound uniformly distributed throughout the room and 
having 1,000,000 times the minimum audible energy to die down to 
inaudibility. The reverberation time is commonly of the order of several 
seconds in large theaters and auditoriums where the sound travels long 


Typical paths which waves 
may travel in gashing observer 



Fig. 266.—Diagram 
illustrating a few of the 
many routes that sound 
produced in a room may 
travel in reaching a 
listener. 
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distances between reflections. In living rooms of ordinary homes the 
fact that the sound waves have opportunity to travel only a short distance 
between reflections results in rapid absorption and hence a very short 
reverberation time. 

It might be thought that the smaller the reverberation time the bet¬ 
ter, but this is not necessarily true, because the ear normally expects a 
certain amount of reverberation, and because reverberation enhances 
certain musical and oratorical effects. Thus with music the presence of 
reverberation helps the different players in an orchestra to play together 
properly and increase the effectiveness of passages intended to convey 
the impression of power. Similarly, in speech the presence of reverbera¬ 
tion increases the average intensity of the sound above the level that 
would be present outdoors or in a room with perfectly absorbing walls, 
and thereby makes it possible for a speaker's voice to reach a larger 
number of people. 

The optimum reverberation time for a broadcast studio varies with 
different conditions, but is always less than for the corresponding theater 
or auditorium. This is because the ultimate listener receives reverbera¬ 
tion from both the broadcast studio and the room in which the sound is 
reproduced. 

The reverberation time can be controlled by the use of sound absorb¬ 
ents, and studios, auditoriums, etc., must be acoustically treated so that 
the optimum reverberation time is obtained. This is done by use of 
acoustic tiles and plasters on walls and ceiling to provide a certain amount 
of absorption, and by adding rugs, drapes, etc., when circumstances call 
for still less reverberation. 

137. Effects of Distortion in the Reproduction of Sound.—In design¬ 
ing a system for^the electrical reproduction of sound it is necessary to 
consider the various ways in which the original sound may be distorted 
and the consequences of this distortion. The most important single 
factor involved is the frequency range of the electrical and acoustical 
systems. The frequency band required for substantially perfect repro¬ 
duction varies with the nature of the sound involved, as is apparent from 
Fig. 263, but is about 100 to 10,0t)0 cycles for speech and 60 to 15,000 
cycles for music. Experience indicates, however, that a frequency range 
of 80 to 8000 cycles is adequate to give excellent reproduction of all 
aotmds except certain types of noises. The usual broadcast program has 
a frequency range of the order of 100 to 6000 cycles, and understandable 
although not natural speech can be transmitted with a much narrower 
range of frequencies, as illustrated by the telephone, which has a fre¬ 
quency range of 250 to 3000 cycles. 

Experimental investigations of the effect of amplitude distortion, such 
as introduced by an overloaded amplifier, indicate that, when the full 
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frequency range is reproduced, distortions of 3 to 6 per cent are detect¬ 
able, and that 10 per cent is very noticeable.^ Odd harmonics are more 
troublesome than even harmonics, and the amount of distortion permissi¬ 
ble becomes less as a wider frequency range is reproduced. 

The loudness with which the sound is reproduced is also of considerable 
importance. If the reproduced sound is at lower intensity than the 
original, the low frequencies appear to be weaker than they should, as 
explained in connection with Fig. 265, 
and the tendency of the high frequencies 
to be masked by the lower frequencies 
is reduced. Both these effects work in 
the same direction and combine to make 
it necessary to vary the frequency re¬ 
sponse with volume level if high-quality 
reproduction is to be obtained. The 
'Hone-compensated*^ volume control 
used in many radio receivers is for the 
purpose of providing this type of 
correction. 

138. Dynamic Loud-speakers Em¬ 
ploying Paper Cones.—Nearly all loud¬ 
speakers employed in radio receivers are 
of the dynamic type, having the con¬ 
struction illustrated schematically in 
Fig. 267. Here a coil, commonly called 
the voice coil, is fastened to the apex of 
a paper cone. This coil is located in a 
magnetic field as shown and carries the 
audio-frequency currents that are to be 
transformed into sound waves. In such 
an arrangement the action of the mag¬ 
netic field on the coil current produces 
a mechanical force that vibrates the 
radiation of sound waves. 
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Fia. 267.—Cross section of typical 
dynamic type of loud-speaker and 
equivalent electrical circuit of elec¬ 
tromechanical system. 


paper cone and causes the 
The cone must be mounted in a baffle, as 
shown in Fig. 267, or provided with other means for preventing the radia¬ 
tion from the front and back sides from canceling at low frequencies. 

The characteristics of a typical high-grade d 3 rnamic speaker are shown 
in Pig. 268. The frequency range is adequate for ordinary broadcast 
receivers, and the response is sufficiently uniform over this frequency 
range to sound satisfactory upon listening tests. 


^ The percentages given are the measured percentages of harmonic that result 
when a sine wave having an amplitude equal to the peak amplitude of the complex 
audio wave is applied. » 
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Analysis of Dynamic-speaker Action ,—The force that is exerted upon 
the voice coil as a result of the action of the magnetic field upon the voice- 
coil currents acts against a mechanical impedance consisting of a mass, an 
elastance, and a resistance. The mass consists of the effective mass that 
the coil-and-cone assembly offers to the frequency involved plus the 
fluid mass caused by the air in contact with the cone. The equivalent 
elastance is determined primarily by the spider supporting the voice 
coil and the elastic properties of the cone but is also influenced by closed 
air spaces, etc. The effective resistance to motion includes sound energy 
that is radiated, eddy-current losses, etc. The velocity of the resulting 
voice-coil vibration is proportional to the force divided by the mechanical 
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Frequency in Cycles per Second 

Fio. 2Q8.—Response curve of typical cone dynamic speaker. 


impedance, and thfe amount of sound energy radiated is proportional to 
the square of the velocity times the radiation compKjnent of the resistance. 

The vibrating voice coil cuts across the direct-current magnetic field 
of the loud-speaker and so has a back voltage induced in it. This caases 
a voltage drop that is equivalent to adding an impedance to the voice-coil 
circuit, and, since this additional impedance is caused by vibration, it is 
termed motional impedance. The real and reactive energies represented 
by the voice-coil current flowing through the voice-coil motional imped¬ 
ance are the real and reactive energies, respectively, which the electrical 
circuits deliver to the vibrating system in order to sustain the vibrations. 

A study of the electromechanical relations existing in a dynamic 
speaker shows that as far as the electrical circuits are concerned, the 
mechanically vibrating system is equivalent to a tuned secondary. This 
leads to the equivalent electrical circuit for the dynamic loud-speaker 
shown in Fig. 267, in which the mechanical force acting on the voice coil 
unrepresented by the voltage induced in the secondary, and the motional 
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impedance is the coupled impedance. The velocity of vibration is equiva¬ 
lent to the secondary current in the electrical analogue. 

At low frequencies (commonly up to 500 to 1000 cycles) the paper 
cone acts approximately as a piston diaphragm having a diameter equal 
to the diameter of the cone. Under these conditions the presence of the 
air in contact with the vibrating diaphragm produces a mechanical radia¬ 
tion resistance Ra per unit area, which varies with frequency as shown in 
Fig. 269. For frequencies low enough so that the diameter of the cone is 
appreciably less than a half wave length it is seen that the radiation 
resistance is inversely proportional to the square of the frequency. In 
order for the total sound power to be independent of frequency it is 



then necessary that the velocity be inversely proportional to frequency. 
This result can be readily realized by making the resonant frequency of 
the coiie-and-coil assembly less than the lowest frequency to be repro¬ 
duced. The principal impedance to motion is then supplied by the iner¬ 
tia of the coil mass and is proportional to frequency. 

At frequencies high enough for the diameter of the cone to exceed a 
half wave length, the radiation resistance becomes substantially inde¬ 
pendent of frequency. With piston action and a velocity inversely 
proportional to frequency, the radiated power is then inversely propor¬ 
tional to the square of the frequency. This tendency for the response to 
fall off at high frequencies can be counteracted by so designing the paper 
cone that it ceases to operate as a piston at these higher frequencies. The 
cone vibrations are then in the form of waves traveling outward from 
the apex, with the result that the center part of the cone \dbrates much 
more intensely than the outer edges. As the frequency is increased, the 
action is therefore very much as though the size of the cone were gpp- 
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gressively decreased. This reduces the effective mass, thereby increasing 
the velocity of vibration and increasing the total radiated sound energy 
to a value greater than if piston action were maintained. The total sound 
power still tends to drop somewhat at the higher frequencies. However, 
as the radiated energy tends to be concentrated more nearly along the 
axis of the cone the higher.the frequency, it is found that the response 
directly in front of the cone can be made substantially constant up to 
rather high frequencies, although there is a falling off of the higher fre¬ 
quencies to the side (see Fig. 268). 

The efficiency of a loud-speaker in transforming electrical energy into 
acoustical radiation is relatively low because the coupling between the 
air and the vibrating cone is so poor that very little of the driving force 
is actually used in doing work against the air. Under practical conditions 

the average efficiency of a cone speaker is less 
than 5 per cent. 

Baffles and Bass-reflex Arrangements .— 
In order to reproduce low frequencies by 
means of a dynamic speaker, it is necessary 
to provide a baffle or other means to prevent 
the energy radiated from the two sides of the 

Fio. 270.— Bass-reflex sys- cone from Canceling. At low frequencies 

tem for obtaining reproduc- radiation is non-directional, so that if the 
tion of low frequencies. . ' . 

distance from front to back of the cone Ls 
small compared with a wave length of sound at the frequency under 
consideration, there will be a tendency for the two radiations to cancel 
each other, since they are produced with a phase difference of 180°. 

The simplest method of handling this situation is to mount the cone 
in some form of baffle, as illustrated in Fig. 267. In order to be effective, 
the baffle diameter should be of the order of a half wave length at the 
lowest frequency for which little or no loss in sound output is desired. 
For best results the baffle should have an irregular outline in order to 
eliminate the possibility of destructive interference between front and 
back radiations at certain critical frequencies. 

The practical difficulty of obtaining sufficient baffle area to reproduce 
frequencies below 100 cycles in a receiver cabinet of reasonable size has 
led to the development of various devices for eliminating the baffle. A 
very widely used arrangement of this type is the bass-reflex arrangement 
illustrated in Fig. 270. Here the back of the cone is inclosed in a boxlike 
compartment, which is vented to the front by means of one or more 
holes. By properly proportioning these holes, the sound waves issuing 
from them at low frequencies will be 180° out of phase with the radiation 
from the back of the cone and so will reinforce the sound produced by the 
front of the cone. In this way the response can be extended to somewhat 
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lower frequencies than would be possible if the same cabinet were used 
to function as an ordinary baffle. 

139. Horns. —A horn is essentially an acoustic coupling device 
that transforms acoustic energy at a high pressure and low velocity to 
energy at a low pressure and high velocity. The way in which the horn 
accomplishes this in a practical loud-speaker can be understood by refer¬ 
ence to Fig. 271. This shows a diaphragm driven by a moving coil and 
coupled to the throat of the horn by a small air chamber. Vibration 
of the diaphragm varies the volume of the air chamber, and hence the air 
pressure, which in turn causes sound waves to start out from the throat. 
These waves then travel along the 
horn, expanding in an orderly man¬ 
ner until large enough to transfer 
their energy to space without undue 
disturbance. 

The factors determining the be¬ 
havior of a horn are the mouth area, 
the throat area, and the character 
of the taper. For proper operation 
the taper should be such that the 
cross-sectional area is proportional to an exponential function of the 
distance along the horn. That is. 


Z)-c. 

izing currenf 


,Coupling otir 



Fig. 271.- 


Schematic view of loud-speaker 
with horn. 


Area at distance x from throat = 


(137) 


where A o is the throat area, and is a constant that determines the rate 
at which the horn opens out. A horn with such an exponential taper will 
freely transmit all sound waves that are appreciably above a critical or 
‘‘cut-off frequency, and will allow little or no energy of lower frequencies 
to pass through it. The transmission begins to fall off rapidly when, 
/ < 4000B, with cut-off occurring at / == 2730B (dimensions in centi¬ 
meters). It is therefore apparent that the rate of taper is determined by 
the lowest frequency that is to be handled by the horn, with the neces¬ 
sary taper being more gradual as the frequency limit is lowered. 

The mouth area of a horn determines the lowest frequency sound 
wave that can be transferred from the horn to free space without setting 
up standing waves in the air column. When the mouth diameter is 
2X/3, such resonances are negligible and do not become excessive until the 
diameter is less than X/4, where X is the wave length of the sound. The 
mouth of a horn is hence determined by the lowest frequency that is to 
be handled. 

The throat area of a horn determines the loading that is placed upon 
the diaphragm that is driving the horn. Thus when the throat is small 
the pressures built up in the air chamber by the diaphragm vibrations are 
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considerable, and the diaphragm accordingly acts against an appreciable 
load. A small throat area will hence raise the impedance against which 
the diaphragm acts to the point where it is possible to obtain an efficient 
coupling of the relatively heavy mass of the diaphragm and moving coil 
to the fluid air. The result is a relatively high efficiency in the trans¬ 
formation of electrical energy into sound. At the same time, the throat 
must not be made too small, as this will introduce excessive frictional 
losses, and cause non-linear distortion because of high air pressures in 
the throat. 

A horn tends to concentrate the sound along its axis, with this 
tendency becoming more pronounced the higher the frequency. The 
result is that, when the total sound power generated is independent of 

frequency, the high frequencies are too 
Cone^ strong along the axis and too weak to the 

This effect can be taken care of 
p when necessary by providing the horn 

^ with deflecting vanes, for the purpose of 

P _ spreading the energy equally for all 

frequencies. 

'sounc/absorbent The response of a properly designed 

^ horn speaker is fairly uniform from the 

Fio. 272.—Cone speaker provided , xi. i. ‘xxi 

with directional baffle. lowest fn^queiicy that can be transmitted 

along the horn and radiated from the 

mouth up to a frequency such that the mass reactance of the moving coil 

and diaphragm is appreciably greater than the impedance due to the 

acoastic loading of the diaphragm. 

The efficiency with which electrical energy supplied the voice coil 
is transformed into .sound energy is much greater in the horn speaker 
than with a cone having a flat baffle. This is because of the increase in 
acoustic loading that the horn makes possible. Under practical condi¬ 
tions efficiencies of the order of 25 to 50 per cent are commonly obtained 
with the aid of horns. 


^Sounc/ absorbent 

Fio. 272.—Cone speaker provided 
with directional baffle. 


Directional Baffles .—In public-address and theater work it is common 
practice to employ ordinary cone speakers, which are provided with a 
short horn, or directional baffle^ as shown in Fig. 272. The distinguishing 
feature of such an arrangement is a short horn, made possible by the use 
of a throat area equal to or only moderately less than the size of the paper 
cone, and the enclosed box for the purpose of preventing radiation from 
the back of the cone. At frequencies low enough so that the box dimen¬ 
sions are appreciably less than a quarter wave length, the presence of the 
box is equivalent to adding stiffness to the vibrating system and so is not 
necessarily harmful. Resonances at higher frequencies are avoided by 
packing the box with felt or other acoustic absorbent. 
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A directional baffle concentrates the sound and also increases the 
efficiency of radiation, particularly in the frequency range in which the 
cone functions as a piston. In this way efficiencies of the order of 25 
per cent can be obtained from a dynamic speaker at low and moderate 
frequencies. 

140. Two-channel Sound-reproducing System.—The practical diffi¬ 
culty of designing a loud-speaker to operate satisfactorily over a very 
wide frequency range has led to the development of two-channel systems 
of sound reproduction. In these arrangements two loud-speaker systems 
are employed, one to reproduce the high frequencies and the other to 
reproduce the low frequencies. In this way the frequency range that 
must be covered by each individual speaker is greatly reduced, thereby 
making possible improved efficiency and more uniform response. 

In the ordinary two-channel sound system the high-frequency range 
is normally taken care of by a horn speaker of the general type illus¬ 
trated in Fig. 271. The low-frequency range, on the other hand, usually 
employs a speaker with large cone. Where there is sufficient space, the 
cone is provided with a short horn, as shown in Fig. 272, or an equivalent 
folded horn. Otherwise either an ordinary baffle, or an arrangement 
such as shown in Fig. 270, is employed. 

The dividing frequency in a two-channel sound system is ordinarily 
in the range 250 to 800 cycles. The high- and low-frequency energy is 
routed to the appropriate speakers by means of an electrical network that 
is essentially a combination of high- and low-pass filters with a common 
input and separate outputs. 

141. The Telephone Receiver.—A tele¬ 
phone receiver makes use of a diaphragm that 
is sealed to the ear by a cap. As the diaphragm 
vibrates the pressure of the small quantity of 
air traj)ped between ear drum and diaphragm 
varies in accordance with the displacement of yiq, 273.—Cross section 

the diaphragm. typical watch-case type of 

.,.,11 • t telephone receiver. 

The croiss section of a telephone receiver ot 
the type worn with a headband is shown in Fig. 273. T-his makes use 
of a permanent magnet, upon the pole tips of which are coils that carry 
the voice currents. The magnetic circuit is completed by means of a 
magnetic diaphragm, as shown. In such an arrangement, currents in 
the coil vary the strength of the magnetic field in the air gap between pole 
tips and diaphragm and hence vary the force acting on the diaphragm. 

The permanent magnet is essential to the proper operation of the 
telephone receiver. This can be shown by considering the case where 
the voice currents superimpose an alternating flux density B, sin oU upon 
the steady flux density Bo produced in the air gap by the permanent 
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magnet. Since the pull on the diaphragm is proportional to the square 
of the flux density in the air gap, then 

Pull on diaphragm « (5o + sin o)t)^ = 

-f- ^BqBm sin o)t “}■ 2a)i) (138) 

The first term in the right-hand side of Eq. (138) represents the constant 
pull produced by the permanent magnet. The second term is a force that 
varies in accordance with the current passing through the receiver winding, 
and is proportional to the strength of the permanent magnet. This is 
the force that produces the desired diaphragm vibrations and is pro¬ 
portional to the strength of the field produced by the permanent mag¬ 
net. The final term includes a double frequency distortion force that is 
relatively small compared with the desired force when the flux from the 
permanent magnet is large, but which represents the only alternating force 
when the permanent magnet is absent. A strong permanent magnet is 
hence required in order to obtain good sensitivity and low distortion. 

142. Microphones.—A microphone is a device that converts sound 
waves into current or voltage waves. Although many types of micro¬ 
phones have be^n devised, the ones most commonly used are the carbon, 
velocity (or ribbon), condenser, crystal, and moving-coil microphones. 

Carbon Microphones ,—The carbon microphone makes use of the fact 
that the resistance which a mass of carbon granules offers to the flow 
of current depends upon the pressure applied to the mass. In a carbon 
microphone this mass of granules, termed a button,is held against a 
diaphragm that is acted upon by the sound waves. The vibration of this 
diaphragm varies the pressure upon the carbon granules. This causes 
corresponding variations in the resistance that the granules offer to a 
direct-current voltage passing current from the diaphragm through the 
button. The construction of a high-grade microphone having buttons on 
each side of the diaphragm is illustrated in Fig. 274. Less expensive 
carbon microphones, such as those used in telephone systems and for 
many radio applications, have only a single button. 

The response of a carbon microphone is independent of frequency 
up to the resonant frequency of the diaphragm. At diaphragm resonance 
the response depends upon the damping, and with proper adjustment can 
be made the same at resonance as at lower frequencies. Above resonance 
the response falls off rapidly. It is accordingly apparent that in order to 
obtain uniform response up to high frequencies with a carbon microphone, 
the diaphragm must be stretched to a relatively high resonant frequency. 

The carbon microphone has the advantage over other microphones 
in that it is an amplifier. This is because the amount of electrical energy 
controlled by the diaphragm vibrations is more than the energy required 
to produce the vibrations. At the same time, the carbon microphone 
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develops a hiss because of random changes in the resistance of the buttons 
to the passage of direct current. As a result the carbon microphone is 
used in the telephone system where the high sensitivity is a great asset, 
and also in amateur, police, and other radio work where the transmission 
of information rather than entertainment is the primary object, but is 
seldom used in public-address or high-quality radio-telephone work. 

Moving-coil Microphones .—The moving-coil microphone makes use 
of a diaphragm that is vibrated by the pressure of the sound waves. 
Attached to the back of this diaphragm is a coil located in the field of a 
permanent magnet. As the diaphragm vibrates, the turns of the coil 
cut across the flux from the permanent magnet and accordingly have a 


Fiq. 274.—Constructional features of high-grade double-button carbon microphone. 



voltage induced in them. By proper design this induced voltage can be 
made almost exactly proportional to the pressure of the sound waves 
acting against the diaphragm, and substantially independent of frequency 
over the range 40 to 10,000 cycles. 

The moving-coil microphone is comparatively sensitive as compared 
with other non-amplifying microphones, has no hiss, is very rugged, and 
can be used outdoors even when gusty wind is present. Another impor¬ 
tant feature of the moving-coil microphone is that its output has a low 
impedance. This makes the output circuit relatively immune to electro¬ 
static pick-up, with the result that very long leads can be used between the 
microphone and first amplifier tube. The moving-coil microphone finds 
wide use under practical conditions requiring high-quality reproduction. 

The Velocity (or Ribbon) Microphone .—^The velocity microphone is 
a special form of moving-coil microphone in which the moving coil con¬ 
sists of a ribbon of aluminum-alloy foil which is acted upon directly by 
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the sound waves, and which has a resonant frequency below the audible 
range. The construction of such a microphone is shown in Fig. 275. 

When a plane wave passes by a velocUy microphone, the resulting 
force acting on the ribbon is proportional to the difference in sound pres¬ 
sure on the front and back of the ribbon. When the frequency is low 
enough so that the difference in distance to the two sides is appreciably 
less than a quarter wave length, the resulting force exerted against the 
ribbon is proportional to the frequency and to the pressure gradient, or 
particle velocity, of the sound wave. By making the resonant frequency 
of the ribbon lower than the lowest frequency to be reproduced, the riblx)n 
offers an inertia reactance to motion that is very nearly proportional to 
frequency. The velocity of vibration, and hence the resulting voltage 



Fio. 275.—Sketch showing constructional details of velocity microphone and directional 

characteristic. 

induced in the ribbon, are then substantially independent of frequency 
until the frequency js so great that the difference in distance to the front 
and back of the ribbon approaches a quarter wave length, when the 
response tends to fall off. By cutting away the pole pieces as is done in 
Fig. 275, this difference in distance can be made small enough to give a 
substantially uniform response to above 10,000 cycles. 

When a velocity microphone is placed very close to the sound source, 
the low frequencies are overemphasized. This comes about because the 
pressure gradient in a spherical wave is greater in proportion to pressure 
than the pressure gradient of a plane wave by the factor VT + (c/ajr)^, 
where r is the distance to the source, c is the velocity of sound, and w is 
2 t times frequency. 

The velocity microphone also has a pronounced directional charac¬ 
teristic as shown in Fig. 275. This is because sound waves arriving from 
the side strike both the front and back of the ribbon at the same instant 
and so produce no resultant force. This directivity can often be taken 
advantage of to minimize undesired reverberation and noise, and is helpful 
in controlling acoustic feedback in public-address systems. 
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The velocity microphone has the advantage of simplicity, an extremely 
good frequency response, and a low output impedance. Its principal 
disadvantage is that it cannot be used close to the source of sound, or 
outdoors in the presence of wind. 

Condenser Microphone. —The condenser microphone is a condenser 
in which one plate is fixed and the other is a diaphragm against which 
the sound waves act. A direct-current potential of several hundred volts 
is applied between the plates of the condenser, and, as the capacitance is 
varied by the vibrations that the sound waves produce in the flexible 
plate, a corresponding voltage drop is produced in the high resistance R 
that is placed between the direct-current voltage and the microphone, as 
shown in Fig. 276. 

The leads connecting a condenser -- II—• — 

microphone to its amplifier must be | 

, . . 1 . • • • 1 • Cono/^nser. L | | 

snort in order to minimize electrostatic mfcrophone'r |R Rgi.l 
pickup. This is because the condenser 
microphone is a high-irnpedance device 
and is accordingly particularly sus- 

ceptible to electrostatic fic'lds. Short Fig. 276.—Circuit of condenser 

leads also keep the capacitance in shunt microphone. 

with the microphone a minimum and thereby avoid loss of sensitivity. 

The high-frequency response of a condenser microphone is limited by 
the resonant frequency of the diaphragm, exactly as in the case of the 
carbon microplione. The response can be extended as far as desired at 
low frequencies by making the resistances R and Rgi in Fig. 276 large 
enough so that the equivalent resistance of these two in parallel is at 
least as great as the reactance of the microphone capacitance at the lowest 
frequency to be reproduced. 

The principal use of the condenser microphone is in making sound 
measurements. At one time the condenser microphone was widely used 
in broadcast and public-address work, but it has been largely displaced 
in such applications by moving-coil and velocity microphones. 

Pressure and Field Response Characteristics of Microphones. —Con¬ 
denser, moving-(;oil, and similar microphones give a response that depends 
upon the pressure against the diaphragm, and are normally designed 
so that over the essential frequency range the output is proportional to 


condenser 


pressure and independent of frequency. The calibration curve of such a 
microphone dejxinds, however, upon the way in which the calibration is 
made, because the pressure of a sound wave traveling in free space is not 
necessarily the pressure that this same wave produces acting against the 
diaphragm of a microphone. At low frequencies, where the microphone 
dimensions are small compared with a wave length, the pressure against 
the diaphragm is a true measure of the pressure of the wave. At higher 
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frequencies, however, reflections occur at the microphone and may cause 
the pressure exerted on the diaphragm to reach twice the pressure of the 
wave. In addition, the microphone front often forms a shallow air 
pocket which introduces a resonance that can still further increase the 
pressure against the diaphragm at high frequencies. 

The relation between the output voltage of a condenser or moving-coil 
microphone and the pressure exerted agaihst the diaphragm is called the 
pressure calibration. Similarly, the relation between the pressure of a 
sound wave in space and the output voltage that this wave develops when 
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Fio. 277.—Typical pressure and field calibration of a condenser microphone. 


striking the microphone is called the field calibration. The two are the 
same at low frequencies, whereas at high frequencies the field calibration 
depends upon the angle of incidence with which the wave strikes the 
microphone, as well as upon the frequency. Typical pressure- and field- 
calibration curves of a condenser microphone are shown in Fig. 277. 

R^erence Level for Expressing Microphone Sensitivity. —The sensitivity 
of a microphone is ordinarily expressed in terms of a reference level con¬ 
sisting of an output of 1 volt on an open circuit for a sound pressure of 1 
bar (1 dyne per square centimeter). Thus a microphone having a sensi¬ 
tivity of — 60 db will develop 0.001 volt on open circuit when acted upon 
by a sound wave having a pressure of 1 bar. 

The pressure of 1 bar used in evaluating the sensitivity of a micro¬ 
phone is approximately the average pressure produced in ordinary speech 
at a distauce of a few inches from the mouth. 


Problemf 

1. Explain why subjective tones are much more pronounced when dealing with 
loud sounds than with weak sounds. * 
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2. Explain why high-pitched sounds mask low frequencies only slightly if at all. 

3. A particular piece of music when listened to in a theater is assumed to have a 
loudness level of 80 db, according to Fig. 265. If reproduced with a loudness level 
of 50 db in the home by a radio, calculate and plot with the aid of Fig. 265 the relative 
response, as a function of frequency, which the compensated tone control must provide 
to make up for the difference in reproduction level. 

4. In view of the situation illustrated in Fig. 265, explain why the reverberation 
time should be different for different frequencies. 

6 . When a sound is reproduced in an empty auditorium, and then in the same 
auditorium filled with people, it is found that the average intensity of sound is much 
different, and there is also some difference in the quality of the sound. Discuss the 
differences and the factors that cause them. 

6 . The motional impedance of the voice coil of a dynamic speaker is found to 
change as the flux density of the magnetic field of the speaker is changed. Explain. 

7. The motional impedance of the voice coil is reduced if mass is added to the voice 
coil. Explain. 

8. In the frequency range where a cone functions as a piston, explain why the 
amplitude of vibration must be inversely proportional to frequency if the radiated 
power is to be independent of frequency. 

9. Calculate and plot the required size of bafl^e as a function of the lowest fre¬ 
quency to be reproduced, over the range 50 to 250 cycles, and from the results discuss: 
(a) the necessity of inclosing the back side of the loud-speaker, or of using some form 
of baflEle substitute, if frequencies below 125 cycles are to be satisfactorily reproduced 
by a loud-speaker mounted in an ordinary radio-receiver cabinet, and (6) the low- 
frequency response that can be expected of midget radio receivers. Assume the 
velocity of sound in air is 1130 ft. per sec. 

10. a. Determine the rate of taper, the mouth area, and length of a horn that will 
reproduce frequencies down to 100 cycles and will have a throat area of 30 sq. cm. 

b. Repeat (a) when the lowest frequency is 50 cycles. 

c. From the results of (a) and (6) discuss the problem of reproducing low frequen¬ 
cies when practical considerations limit the physical dimensions of the horn. 

11. In a horn speaker, the difference in distance from the throat to the nearest 
part of the diaphragm, and from the throat to the most distant part of the diaphragm, 
should be less than a half wave length at the highest frequency to be reproduced. 
Explain the reason for this. 

12. What would be the effect upon the sound output of the horn in Fig. 272 if the 
sound-absorbing material were omitted from the box inclosing the back side of the 
cone? 

18. Explain why, in order to have a flat frequency response, the diaphragm of a 
moving-coil microphone must vibrate with a velocity independent of frequency 
(amplitude of vibration inversely proportional to frequency) instead of with an 
amplitude independent of frequency, as in the case of the carbon and condenser 
microphones. 

14. In the velocity microphone, increasing the distance from front to back of the 
ribbon increases the sensitivity in the low- and middle-frequency ranges in direct 
proportion to the reduction in high-frequency limit. Explain the reason for this. 

16. Calculate and plot as a function of frequency, the relative response of a 
velocity microphone when the distance from microphone to sound source is 1, 2, and 
6 ft. Cover the frequency range 50 to 500. 

16. Explain why the difference between the field and pressure calibrations of a 
moving coil, condenser, or similar microphone at a particular frequency becomes less 
as the size of the microphone is reduced. 




APPENDIX 


FREQUENCY MEASUREMENTS 

143. Frequency Measurements.—In order to avoid interference with 
other transmitters operating on adjacent channels, a radio transmitter 
must maintain its assigned carrier frequency with a high degree of accu¬ 
racy. This requires that the frequency be checked either continuously 
or periodically and makes frequency measurements of fundamental 
importance in radio work. 

Frequency Standards—All accurate methods of determining frequency 
involve comparison of the unknown frequency with a known frequency. 
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Fig. 278.—Schematic diagram of a primary frequency standard. 


Practical frequency standards for use in making the comparison are 
conveniently classified as primary and secondary standards. A primary 
standard includes an oscillator that generates a frequency ,that is very 
stable and is periodically checked against the period of rotation of the 
earth as determined by astronomical means. Secondary standards are 
stable oscillators that have been calibrated by comparison with a primary 
standard of frequency. 

The usual primary frequency standard consists of a crystal oscillator 
operating at a frequency of the order of 50 to 100 kc and having every 
possible refinement for improving the frequency .stability. Associated 
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with the stable oscillator is a train of multivibrators that operates a clock 
in synchronism with the oscillator frequency and also produces other 
frequencies related to the standard in an exact manner. The schematic 
diagram of a typical primary frequency standard is shown in Fig. 278. 
Here the crystal oscillator operates at 50 kc and controls the frequencies 
of multivibrators having fundamentals of 50 and 10 kc. The 10-kc 
multivibrator in turn controls a 1-kc multivibrator that is used to drive 
a synchronous clock that keeps exact time when supplied with 1000 cycles. 
Since the frequency supplied to the clock is always exactly one-fiftieth 
of the crystal frequency, the stability of the 50-kc oscillations can be 
measured by checking the time as kept by the clock against radio time 
signals. Frequencies related to the crystal frequency are obtained from 
the 50-, 10-, and 1-kc multivibrators, which develop harmonic series 
having fundamentals of 50, 10, and 1 kc, respectively, that have the 
same accuracy as the crystal oscillator and lare available for making 
measurements. A properly designed primary frequency standard will 
maintain an accuracy approaching 1 part in 10,000,000 over long periods 
of time. 

Secondary frequency standards may be of several types, depending 
upon their purpose. One very common arrangement makes use of a 
crystal oscillator designed for good frequency stability but without 
many of the refinements essential to a primary frequency standard. 
When such a secondary standard is used to monitor the frequency of a 
particular radio transmitter, as for example a broadcast transmitter, the 
crystal of the secondary standard is ground accordingly. The trans¬ 
mitter frequency is then compared directly with the secondary standard 
frequency by allowing the two to heterodyne together and observing the 
difference frequency that results. In cases where the secondary standard 
is to be used for general measuring purposes, the crystal is ground to 
some convenient frequency, such as 100 kc, and used to control a multi¬ 
vibrator that gives a harmonic sequence. The accuracy of a typical 
secondary standard employing a crystal oscillator is of the order of 
10 parts per million over long periods of time. 

Another type of secondary standard consists of a tuned-circuit type 
of oscillator, usually of the electron-coupled type. Such an oscillator is 
called a heterodyne frequency meter and is often, although not always, 
provided mth a heterodyne detector, amplifier, and phones for observing 
audible beat notes between an unknown frequency and the oscillations 
of the frequency meter. The heterodyne frequency meter has the 
advantage of being continuously adjustable, whereas frequency standards 
based upon crystal oscillators give only a fixed frequency or a series of 
frequencies related to this one frequency. However, a well-designed 
heterodyne frequency meter has an accuracy of only about 1 part in 
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1000 and so is suitable only where high accuracy is not required or where 
the instrument is to be used for interpolation purposes. 

Rough determinations of frequency are often made by the use of a 
wavemeter or by the use of Lecher wires. A wavemeter is a calibrated 
tuned circuit that is adjusted to resonance (with the frequency to be 
measured) by means of a variable condenser. The accuracy of such an 
arrangement is of the order of 1 per cent. A Lecher wire system is 
essentially a two-wire transmission line short-circuited at the receiving 
end. In such an arrangement the current and voltage vary with distance 
as shown in Fig. 286, and the distance between adjacent minima is almost 
exactly a half wave length. This fact can be used to determine the 
frequency when the wave length is sufficiently short to make the trans¬ 
mission line of reasonable dimensions. The accuracy obtainable is 
approximately 1 per cent. 

Measurement of Transmitter Frequency Using a Heterodyne Frequency 
Meter .—Consider first the case where the frequency of the transmitter is 
within the tuning range of the heterodyne frequency meter. The trans¬ 
mitter is loosely coupled to the frequency meter, which is then adjusted 
until the heterodyne detector indicates zero beat with the transmitter 
oscillations.^ The frequency read on the calibration curve of the 
heterodyne frequency meter for this setting then gives the desired answer. 
In order to avoid error, the coupling between the transmitter and the 
frequency meter should be very loose in order to prevent automatic 
synchronization. It is also necessary to make sure that the loudest 
beat note observable is the one used in the measurements, since weak 
beat notes resulting from combinations of harmonics may also be present. 
These weaker beat notes may be used, however, to check the final results. 
Thus, when the heterodyne frequency meter is adjusted to one-half 
the transmitter frequency, there should be a weak beat note between 
the second harmonic of the meter and the fundamental frequency 
of the transmitter. 

Next consider the problem of making measurements when the trans¬ 
mitter frequency is higher than the range covered by the oscillations 
of the heterodyne frequency meter. Under these circumstances the 
heterodyne frequency meter is adjusted so that a harmonic of its oscilla¬ 
tions gives zero beat with the transmitter frequency. The unknown 

^The exact position for zero beat can be determined by using an oscillating 
heterodyne detector to observe the beats. The oscillating detector is first adjusted 
to give a beat note of approximately 1000 cycles with the transmitter, after which 
the heterodyne frequency meter is adjusted. When the heterodyne frequency meter 
is within a few cycles of the transmitter frequency, the 1000 output of the detector 
will then wax and wane in intensity at a rate equal to the difference in frequency 
between the heterodyne frequency meter and the transmitter frequency, and variation 
of the oscillating-detector adjustment will not affect the rate of waxing and waning. 
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frequency is then n/, where/is the frequency as read from the frequency 
meter, and n is the harmonic involved. Results obtained in this way 
can be checked by determining the frequency-meter setting correspond¬ 
ing to zero beat when different harmonics are used. 

Finally, there is the problem of measuring a transmitter frequency 
less than the range covered by the frequency meter. Here the frequency 
meter is adjusted to give zero beat with a harmonic of the transmitter, 
which then has a frequency //n, where / corresponds to the setting of 
the frequency meter, and n is the harmonic. The results can be checked 
as above by determining the frequency meter setting corresponding to 
different harmonics. 

Measurements of Transmitter Frequency by Means of a Series of 
Harmonics, —When the accuracy required is greater than obtainable with 
a heterodyne frequency meter, it is necessary to compare the unknown 
frequency with a harmonic series produced by a multivibrator that is 
controlled by a primary or secondary frequency standard. This com¬ 
parison is ordinarily made by using a heterodyne frequency nu'ter as 
an interpolation device. The heterodyne frequency meter is first 
adjusted just as though it were being used to determine the frequency. 
The harmonic series from the frequency standard is then combined with 
oscillations of the frequency meter. Detection of the resultant wave 
gives a beat note that represents the difference between the oscillations 
of the frequency meter and the nearest harmonic of the harmonic scries. 
The exact frequency of the frequency meter is then this nearest harmonic 
plus or minus the beat note,^ The actual frequency of the beat note 
can be measured directly by comparison with an audio oscillator, or can 
be determined approximately by interpolation b(‘tween the setting of the 
frequency meter corresponding to zero beat with: (1) the transmitter 
frequency, (2) the harmonic adjacent to and just higher than the traas- 
mitted frequency, and (3) the harmonic adjacent to and just below the 
transmitter frequency. 

Measurement of Frequency of Received Signals, —When the frequency 
of a distant transmitter is to be determined, the signals are tuned in on a 
sensitive radio receiver. The heterodyne frequency meter is then turned 
on, coupled into the receiver, and adjusted so that zero beat is obtained 
between the oscillations of the heterodyne fre(|uency meter and the 
received signal, or between the fundamental of one oscillation and a 
harmonic of the other. This procedure effectively transfers the received 
signal to the frequency meter, after which the measurement is com¬ 
pleted by following the same procedure as in the transmitter case. 

* The plus sign is used when an increase in the frequency of the meter increases the 
pitch of the beat note. 
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A. F. C., 307 
A. V. C., 304-306 

Acoustic feedback in radio receivers, 318 
Acoustics, 428-444 
of buildings, 431 
Adcock antenna, 41 

Admittance, input (see Amplifiers, input 
admittance of) 

Aerial {see Antennas) 

Aircraft, radio beacons for, 412 
Alignment in broadcast receivers, 318- 
321 

Amplification, expressed in decibels, 134 
Amplification factor, of pentodes, screen- 
grid, and beam tubes, 78 
of triodes, 66 
Amplifiers, 91-187 
amplitude distortion in, 135-139 
band-pass, 117 
Class A, 91-139 
Class A, power, 145-161 
Class AB, 167 
Class B, 168-171 
Class C, 171-178 
classification of, 91 
cross-modulation in, 135-139 
decibels gain in, 134 
distortion in, effect of grid current on, 
154 

types of, 91 

dynamic characteristic of, 145-148 
equalization of, 133 
equivalent circuits of, 94-95 

taking into account higher order 
effects, 135-139 
feedback, 128-131 
hum in, 119 

input admittance of, 122-125 
linear, 181-185 
load lines for, 153, 160 
microphonic noises in, 120 


Amplifiers, miscellaneous coupling 
methods in audio-frequency volt¬ 
age, 111-113 

modulated, grid-modulated Class C, 
224-227 

high-efficiency grid-modulated, 227 
plate-modulated Class C, 219-224 
suppressor-grid, 227 
van der Bijl, 228 
neutralized, 124 
noises in, 119-122 
power, 145-187 
Class A, 145-161 
Class AB, 167 
Class B, 168-171 
Class C, 171-178 
tubes suitable for, 178-181 
tubes, for, 155-160 
push-pull, 165-168 
radio-frequency, 113-119 
regeneration in, 125-128 
resistance-coupled, 96-104 
shot effect in, 120 
thermal agitation in, 120 
transformer-coupled, 104-111 
transit time in, 131 
tuned, 113-119 
volume control in, 132 
Amplitude distortion in amplifiers, 91, 
135-139, 151-153, 154 
Anode current (see Current, plate) 
Antenna arrays, 377-385 
arrays of, 381 
broadside, 378 - 
diamond (or rhombic), 384 
end-fire, 380 
fishbone, 380 
gain of, 377 

phasing systems for, 395 
rhombic (or diamond), 384 
V, 382, 384 
Antennas, 365-404 
Adcock, 411 

all-wave, types of, for receiving, 402 
broadcast, 398 
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Antennas, current distribution in, 366 
directional, gain of, 377 
for receiving, 403 

directional characteristics of, desired at 
broadcast frequencies, 349 
at high frequencies, 351 
by types, grounded vertical, 374 
isolated wire, 373 
non-resonant wire, 376 
spaced, 375 
effective height of, 369 
energy relations in, 389 
formulas for, 385-389 
ground, effect of, on directional charac¬ 
teristics of, 371-373 
ground system for, 400 
image, 369 

impedance matching of, to transmis¬ 
sion line, 394-395 
induction fields about, 390 
loop, 406-411 
parasitic, 391 
power relations in, 389 
radiation from, laws of, 365 
radiation resistance of, 389 
receiving, 368, 401-404 
reciprocal relations in, 368 
reflectors for, 391 
resistance of, 390 
tower, 398 

transmitting, 396^-400 
Zeppelin, 397 
Aperture distortion, 423 
Aspect ratio, 421 
Atmospherics {see Static) 

Autodyue, 252 

Automatic frequency control, 307 
Automatic volume control, 304-306 

B 

Baffles, 436 
directional, 438 
Band-pass amplifiers, 117 
Band-pass filters, 44-46 
Band-switching arrangements, 312 
Barkhausen oscillators, 211 
Bass compensation, 308 
Bass refi^, 436 
Beacons, radio, 412 
Beam tube, 76 


Beam tube, coefficients of, 77-79 
Bias, grid, 260 

Broadcast antennas for transmitting, 398 
Broadcast coverage, 344-350 
Broadside antenna arrays, 378 

C 

C battery (see Bias, grid) 

Capacitance, calculation of, 10 
of coils, 24 

input, of tubes, 122-125 

See also Condensers; Dielectrics 
Carbon microphone, 440 
Carrier wave, 8, 218 
suppression of, 230 

Cathode-r^y tubes, for modulation tests, 
232 

for television, 418 
Cathodes, heater, 57 
types of, 57 

virtual, in pentode tubes, 69 
See also Filament 

Characteristic impedance of transmission 
lines, 49 

Choke coils, for filters, 277 
for radio-frequencies, 25 
swinging, 272 

Class A, AB, B, and C amplifiers (see 
Amplifiers) 

Code receivers (see Receivers) 

Code transmitters, 282-290 
Coefficient of coupling, 17 
Coil antenna (see Antennas, loop) 

Coils, choke, filter, 277 
radio-frequency, 24 
distributed capacitance of, 24, 38 
effect of shield or metal mass on, 26, 41 
with magnetic cores, 25 
multilayer, 24 
Q of, 19-21 
for receivers, 21, 314 
resistance of, 19 
shielding of, 26 
for transmitters, 21 
Coil-switching arrangements, 312 
Colpitts oscillator, 192 
Compass, radio, 406-413 
Condenser microphone, 443 
Condensers, losses of, 10-12 
phase angle of, 11 
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Condensers, power factor of, 10 
resistance ofj equivalent series and 
shunt, 11 

types of, used in radio work, 12-14 
voltage rating of, 14 
Controlled-carrier transmitters, 298 
Conversion transconductance, 247 
Converters, pentragrid, 251 
for superheterodyne receivers, 249-252 
Coupled circuits, coupled impedance 
with, 40 

“critical” coupling in, 42, 44 
examples of, 41-44 
methods of coupling in, 46 
with primary and secondary circuits 
tuned to same frequency, 42-44 
theory of, 3^-41 
Coupled impedance, 40 
Coupling, coefficient of, 17 
complex, tuned amplifiers with, 116 
types of, 17, 46 

Critical frequency of ionosphere, 338 
Cross-modulation in amplifiers, 135-139 
Cross-talk in receivers, 316 
Crystals, quartz, 202-204 

equivalent electrical circuit of, 203 
mounting for, 207 
Current, plate (see Plate current) 
space, expressions for, 86-87 
Cutoff, definition of, 65 
remote, tubes having, 79 

D 

Decibels, 134 
Detectors, 238-257 
diode, 238-245 
function of, 6 
grid-leak, 254 
heterodyne, 248 
oscillating, 252 
plate, 245-248 
regenerative, 255 
equare-law, 253 

superheterodyne, converters for, 249- 
252 

Buperregenerative, 255 
Diamond antennas, 384 
Dielectrics, common, dielectric constant 
of, 11 

power factor of, 11 
used in radio condensers, 12 

See also Capacitance; Condensers 


Diode detectors (see Detectors, diode) 
Diodes, anode current of, 59-61 
hot-cathode gas, 82, 262-270 
Direction finding, 406-413 
Distortion, in power amplifiers, calcula¬ 
tion of, 135-139, 151-153, 154 
quality, in radio signals, 347 
in sound reproduction, effect of, 432 
Distributed capacitance, circuits with 
(see Transmission lines) 

Diversity systems, 325 
Dynamic characteristic of amplifiers, 
145-148 

Dynamic loud-speakers (see Loud¬ 
speakers) 

Dynamic microphone, 441 
Dynamotor, 278 
Dynatron, 76 

E 

E layer, 332 

Ear, characteristics of, 429 
Electron oscillators, 211-214 
Electron-coupled oscillators, 200 
Electrons, 54-56 
free, production of, 54 
motion of, in electrostatic and magne¬ 
tic fields, 55 

secondary emission of, 55 
thermionic emission of, 55, 56 
Emission, thermionic, 55, 56 
Emitters, electron, types of, 57-59 
End-fire antenna arrays, 380 
Equalization of amplifier gain, 133 
“&traordinary ” ray, 341 

F 

F, Fi, and F 2 layers, 333 
Fade-outs, 357 

Fading, receiving systems for minimizing, 
325 

selective, 347, 353 
Feedback, acoustic, 318 
from common plate impedance, 125- 
128 

in radio-telephone transmitters, 296 
used with modulation systems, 231 
See also Regeneration 
Feedback amplifiers, 128-131 
Feeder (see Transmission lines) 
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Fidelity, of broadcast receivers, 300 
Field of radio wave, induction, 390 
radiation, 365 

Field calibration of microphones, 443 
Field strength of radio waves (see Radio 
waves) 

Filament, effect of voltage drop in, 61 
See also Cathode 
Filters, band-pass, 44-46 
for power rectifiers, 266-276 
for preventing regeneration, 126 
resistance-condenser, 277 
series-inductance input, 266-273 
shunt-condenser input, 273-276 
Flicker in television, 424 
Frequency control, automatic, in broad¬ 
cast receivers, 307 

Frequency distortion in amplifiers, 92 
Frequency measurements, 447 
Frequency modulation, 233-235 
Frequency multipliers, 185-187 
Frequency stability of oscillators, 197- 
200, 207 

Frequency-modulated signals, reception 
of, 325 

G 

Gain, of amplifier in decibels, 134 
of antenna array, 377 
Gas, effect of, on tube characteristics, 81 
Gas diodes, 82, 262 
^‘Getter,^^ 84 

Grid, action of, in triode, 61-64 
positive, effect of, 80 
Grid modulation, 224-227 
Grid-bias voltage, 260 
Grid-input admittance, 122-125, 132 
Grid-leak detectors, 254 
Ground, effect of, on antennas, 371-373, 
369 

reflection coefficients of, 342 
Ground systems for tower antennas, 400 
Ground wave, 328-332 

H 

Harmonic (see Distortion) 

Harmonic generators, 185-187 
Hartley oscillator, 192 
Height, effective, of antennas, 369 
Heterodyne detectors, 248 
converters for, 249-252 


Hexode mixer tubes, 250 
Homing devices, 411 
Horns, 437-439 
Hum, in amplifiers, 119 
from cathodes, 259 
in receivers, 317 

/ 

I. C. W., 278, 297 
Iconoscope, 417 
Ignition noise, 318 
Image antenna, 370 
Image dissector, 415 

Image response in superheterodyne 
receiver, 316 

Impedance, motional, 434 
Impedanceicoupled amplifiers^ 112 
Impedance-matching systems, 394 395 
Incremental inductance, 15 
Inductance, to alternating current super 
imposed on a direct current, 15 
definition of, 15 
incremental, 15 
mutual, definition of, 17 
Inductance coils (see Coils) 

Inductance fields, 390 
Input admittance of amplifiers, 122-125 
at ultra-high frequencies, 132 
Interlaced scanning, 424 
Intermediate frequency, 302 
Intermittent oscillations, 196 
Interrupted continuous waves, trans¬ 
mitters using, 297 

Ionosphere, characteristics of, 332-334 
critical frecpiency of, 338 
effect of, on polarization, 335, 341 
effect of earth’s magnetic field on, 335, 
340 

highest frequency returned to earth by, 
340 

investigations of, 357 
losses in, 341 

refraction of wave by, 336-338 
virtual height of, 358 
Ions, 54-56 

K 

Kennelly-Heaviside layer (see Iono¬ 
sphere) 

Keying of radiotelegraph transmitters, 
288-290 
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L 

Layers in ionosphere, 331 
Linear amplifiers, 181-185 
Lines, resonant, for oscillators, 201 
transmission {see Transmission lines) 
Ix)op antennas, 406-411 
direction finding with, 406-413 
Loudness, 430 
Loud-speakers, 433-439 
baffles for, 436 
dynamic, 433-437 
horns for, 437-439 
motional impedance of, 434 

M 

Magnetic alloys, 16 

Magnetic storms, effect of, on radio 
waves, 356 

Magnetron oscUlators, 203 
Masking, 430 

Master-oscillator power-amplifier ar¬ 
rangements, 200 

Mercury-vapor rectifiers, hot cathode, 
262-270 

Microphones, 440-444 
carbon, 440 
condenser, 443 

moving coil (or dynamic), 441 
pressure and field response of, 443 
reference level for, 444 
ribbon or velocity, 441 
Microphonic noise, in radio receivers, 318 
in tubes, 1?0 
Mixer tubes, 249-252 
Modulated amplifiers {see Amplifiers, 
modulated) 

Modulated oscillators, 228 
Modulated wave, analysis of, 7-9, 218 
Modulation, 4, 218-235 
amplitude, 218-219 
degree of, 7, 219 
frequency and phase, 233-235 
reception of, 325 
function of, 4 
grid, 224-227 

high-efficiency system of, 227 
low- and high-level, 290 
measurement of, 232 
negative feedback in connection with, 
231 


Modulation, plate, 219-224 
single side-band system of, 230 
suppressor-grid, 224-227 
van der Bijl, 227 
Modulators, balanced, 230 
Motional impedance, 434 
'^Motorboating,^^ 125 
Moving-coil microphone, 441 
Multiplier, electron, 417 
Multivibrator oscillator, 214 
Music, characteristics of, 428 
Mutual conductance, of screen-grid and 
pentode tubes, 78 
of triodes, 67 

Mutual inductance, definition of, 16 
N 

Navigation, radio aids to, 406-413 
Neutralization of amplifiers, 124 
Night effect, 410 
Noise, in amplifiers, 119-122 
ignition, 3i8 

interchannel, suppression of, 309 
microphonic, 120 
in receivers, 317 
shot effect, 121 
thermal agitation, 120 

0 

“Ordinary’^ ray, 340 
Oscillating detectors, 252 
Oscillations, parasitic, 208-211 
Oscillators, 192-215 
Barkhausen, 211 
crystal, 202-208 
electron, 211-214 
electron-coupled, 200 
frequency and frequency stability of 
197-202 

intermittent operation of, 196 
magnetron, 213 
master, 200 
modulated, 228 
multivibrator, 214 
relaxation, 214 
synchronization of, 197 
using resonant lines, 201 
Output transformers, 161-165 
Oxide-coated emitters, 57 
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P 

Parallel resonance, 34-38 
Parallel-resonance effects in inductance 
coils, 38 

Parasitic antennas, 390 
Parasitic oscillations, 208-211 
Pentagrid converter, 251 
Pentagrid mixer tube, 250 
Pentode tubes, 68-73 
coefficients of, 77-79 
Permeability, incremental, 15 
Phase angle of condensers, 11 
Phase distortion, 92 
Phase modulation, 233-235 
Phase-reversing tube, 167 
Phasing systems for antennas, 395 
Piezo-electric (see Crystals, quartz) 

Plate current, of diode, .59-61 
expressions for, 86-87 
of pentode and beam tubes, 69-73, 76 
of screen-grid tubes, 73-76 
of triodes, 63-65 
Plate detectors, 245-248 
Plate resistance, dynamic, 67 
of pentode, beam, and screen-grid 
tubes, 78 

Polarization, effect of ionosphere on, 335 
of radio wave, definition of, 342, 365 
Polyphase rectifier circuits, 265 
Power amplifiers, 145^187 
See also Amplifiers 
Power factor of condensers, 10 
Power series, use of, in amplifier analysis, 
135-138 

Power-law method of expressing tube 
characteristics, 86 

Power-series method of expressing tube 
characteristics, 87 

Pressure calibration of microphones, 443 
Propagation of radio waves (see Radio 
waves, propagation of) 

Pulse experiments, 357 
Push-pull amplifiers, 165-168 

Q 

Q, of circuit, 31 
of coils, 19-21 
of tuned amplifier, 115 
Quality distortion of received signals, 347 
Quartz crystals (see Crystals, quartz) 


Quieting systems in broadcast receivers, 
309 

R 

Radiation, conditions necessary for, 5 
laws of, 365 

Radiation resistance, of acoustic radia¬ 
tors, 435 
of antennas, 389 
Radio compass, 406-413 
Radio range, 412 
Radio receivers, 300-326 
acoustic feedback in, 318 
band switching in, 312 
broadcast, 300-321 
a-c hum in, 317 

alignment or tracking of, 318-321 
automatic frequency control in, 307 
automatic volume control in, 304 
bass compensation in, 308 
characteristics of, 300-302 
construction and design considera¬ 
tions of, 309-318 
cross-talk in, 316 
quieting systems in, 309 
tone control in, 309 
tuning indicators in, 306 
for frequency-modulated signals, 325 
microphonic action in, 318 
noise level in, 317 
stage gains in, 315 

superheterodyne, spurious responses in, 
316 

telegraph, 321-323 
single-signal, 322 

telephone, miscellaneous types, 323 
Radio waves, classification of, 3 
description of, 1 
fading of, 347, 353 
for ionospheric investigation, 357 
polarization of (see Polarization) 
propagation of, 328-361 
of broadcast frequency, 344-350 
See also Broadcast coverage 
of high-frequency range, 350-354 
of low frequency, 343 
magnetic storms as influence on, 357 
reciprocal relations in, 369 
solar activity as factor on, 356 
of ultra-high frequencies, 354-356 
See also Ground wave; Ionosphere 



INDEX 


467 


Radio waves, reflection of, by earth, 342 
strength of, 2 
wave front of, 366 

Radio-frequency amplifiers («C6 Ampli¬ 
fiers) 

Range, radio, 412 

Receivers, radio {see Radio receivers) 
telephone {see Telephone receiver) 
Receiving systems, diversity, 325 
Reciprocal relations in antennas, 369 
Reciprocity theorems, 369 
Rectifiers, circuits for, 265-266 
high vacuum, 261 

hot-cathode mercury-vapor, 262-270 
See also Detectors 
Reflection coeflficients of earth, 342 
Reflectors for antennas, 390 
Refraction of radio wave, by earth’s 
atmosphere, 355 
by ionosphere, 336 

Regeneration, from bias resistor, 469-471 
in multistage audio- and radio-fre¬ 
quency amplifiers, 125-128 
Regenerative detectors, 255 
Relaxation oscillator, 214 
Remote-cutoff tubes, 79 
Resistance, antenna, 390 
of coils, 19 

negative, in screen-grid tube, 76 
radiation, 389 

See also Plate resistance; Skin effect 
Resistance-coupled amplifiers {see Ampli¬ 
fiers, resistance-coupled) 

Resonance {see Parallel resonance; Series 
resonance) 

Resonant lines, 50 
oscillators using, 201 
Reverberation, 431 
Ribbon microphone, 441 
Ripple in television, 424 

S 

Saturation, voltage, 60 
Saw-toothed waves, 416, 418 
Scanning, 415 
interlaced, 424 
saw-tooth waves for, 418 
Screen-grid tubes, 73-76 
coeflScients of, 77-79 
Secondary electron emission, 66 
in screen-grid tubes, 73-76 


Selective fading, 347 
Selectivity, of broadcast receiver, 300 
of tuned amplifiers, 119 
Self-bias, 260 

Self-rectifying circuits, 278 

Sensitivity of broadcast receiver, 300 

Series resonance, 29-34 

Service area of broadcast station, 344-349 

Shielding of coils, 26, 41 

Shot effect, 321 

Side bands, nature of, 9 

required for different * types of com¬ 
munication, 219 
single, 230 

Signal generator, 302 
Single-signal telegraph receivers, 322 
Single-wire feeder, 394 
Skin effect, 18 
Skip distance, 339 
Sky wave, 332-343 
attenuation of, 341 
path followed by, 336 
reflection of, by earth, 342 
Sound, 428-444 

Sounds, audible, characteristics of, 428 
effect of distortion in reproduction of, 
431 

Space charge, 59-61 

Space current, expressions for, 61, 64, 
86-87 

Speech, characteristics of, 428 
Square-law detectors, 253 
Static, 359 
Subjective tones, 429 
Sunspot cycle, relation of, to radio-wave 
propagation, 356 
Superheterodyne, 249 
converters for, 249-252 
spurious responses in, 316 
Superregenerative detectors, 255 
Suppressor grid, in pentodes, 69 
Suppressor-grid modulation, 224-227 
Swinging-choke coil, 272 
Synchronism of oscillators, automatic, 
^ 197 

Synchronization in television, 420 
T 

Telegraph receivers {see Receivers) 
Telegraph transmitters, 282-290 
Telephone receiver, 439 
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Television, 415-426 
aperture distortion in, 423 
flicker and ripple in, 423 
interlaced scanning in, 424 
relation of frequency band to picture 
detail in, 421 
saw-tooth waves for, 418 
scanning in, 415 
synchronization in, 420 
typical system of, 424 
Thermal agitation, 120 
Thermionic emission, 55, 56 
Th6venin's theorem, 47, 98 
Thoriated-tungsten emitters, 58 
Tone control in broadcast receivers, 309 
Tower antennas for broadcast trans¬ 
mitters, 398 

Tracking in broadcast receivers, 318-321 
Transconductance, conversion, 247 
<Se6 also Mutual conductance 
Transformer utilization factor, 272 
Transformer-coupled amplifiers (see 
Amplifiers, transformer-coupled) 
Transformers, audio-frequency, 104-112 
interstage, 104-111 
output, 161-165 
push-pull, 165-168 
Transit time, effect of, 131 
Transmission lines, current distribution 
in, 48-50 

matching of, to antenna, 394-395 
radio frequency, 391-394 

characteristic impedance of, 393 
current distributfon of, experimental 
determination of, 396-400 
oscillators using, 201 
resonant and non-resonant, 392 
wave length of, 48 
Transmitters, 281-298 
antennas for, 396 
feedback in, 296 
keying of, 288-290 
telegraph, 282-290, 297 
telephone (including broadcast), 290- 
296 

adjacent channel interference in, 297 
controlled-carrier, 298 
Triodes, characteristic curves of, 64-65 
constants of, 66-67 

Tube characteristics, effect of gas on, 81 
power-law method of expressing, 86 
power-series method of expressing, 87 


Tube characteristics, tables of, 85 
Tubes, beam, 76 

behavior of, at ultra-high frequencies, 
131 

construction of, 82-85 
converter, 249-252 
diode, 59-61 
mixer, 249-252 
pentode, 68-73 

for power amplifiers, 155-160, 178-181 

rectifier, 261-270 

screen-grid, 73-76 

triode, 61-68 

variable-mu, 79 

water-cooled, 178 

Tuned amplifiers (see Amplifiers, tuned) 
Tuned-grid tuned-plate oscillator, 196 
Tungsten Emitters, 58 
Tuning indicator in broadcast receivers, 
306 

U 

Universal amplification curve, of output 
transformers, 164 

of resistance-coupled amplifiers, 100 
of transformer-coupled amplifiers, 108 
Universal resonance curve, 32 
Utilization factor of power transformer, 
272 

V 

V antennas, 382, 384 
Vacuum tubes (see Tubes) 

Variable-mu tubes, 79 
Velocity microphone, 441 
Vibrator power-supply systems, 277 
Video-frequency, 91, 423 
Virtual cathode, 69 
Virtual height of ionosphere, 358 
Voltage saturation in diodes, 60 
Voltmeters, vacuum-tube, 256 
Volume control, 132 
automatic, 304 

W 

Water-cooled tubes, 178 
Wave front of radio wave, 365 
Wave length of antenna, definition of, 1 
of transmission line, 48 






